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Various  forms  of  renewable  energy  could  become  important  con¬ 
tributors  to  the  U.S.  energy  system  early  in  the  next  century.  If 
that  happens,  the  United  States  will  enjoy  major  economic,  envi¬ 
ronmental,  and  national  security  benefits.  However,  expediting 
progress  will  require  expanding  research,  development,  and  commer¬ 
cialization  programs.  If  budget  constraints  mandate  cuts  in  programs  for 
renewable  energy,  some  progress  can  still  be  made  if  efforts  are  focused 
on  the  most  productive  areas. 

This  study  evaluates  the  potential  for  cost-effective  renewable  energy 
in  the  coming  decades  and  the  actions  that  have  to  be  taken  to  achieve  the 
potential.  Some  applications,  especially  wind  and  bioenergy,  are  already 
competitive  with  conventional  technologies.  Others,  such  as  photovol- 
taics,  have  great  promise,  but  will  require  significant  research  and  devel¬ 
opment  to  achieve  cost-competitiveness.  Implementing  renewable 
energy  will  be  also  require  attention  to  a  variety  of  factors  that  inhibit 
potential  users. 

This  study  was  requested  by  the  House  Committee  on  Science  and  its 
Subcommittee  on  Energy  and  Environment;  Senator  Charles  E.  Grass- 
ley;  two  Subcommittees  of  the  House  Committee  on  Agriculture — ^De¬ 
partment  Operations,  Nutrition  and  Foreign  Agriculture  and  Resource 
Conservation,  Research  and  Forestry;  and  the  House  Subcommittee  on 
Energy  and  Environment  of  the  Committee  on  Appropriations. 
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Overview 


Since  the  early  1970s,  U.S.  energy  policy  has  included  the 
development  of  renewable  energy  resources — biomass, 
wind,  solar,  and  geothermal — as  an  important  long-term 
strategy.  Renewable  have  exceptionally  low  environ¬ 
mental  impact  and  reduce  the  nation’s  oil  import  vulnerability. 
They  also  promise  significant  economic  benefits.  These  motiva¬ 
tions  remain  strong  today  even  though  many  factors  associated 
with  commercialization  of  renewable  energy  technologies 
(RETs)  have  changed  substantially  since  the  1980s.  In  particular, 
increases  in  energy  efficiency,  decontrol  of  oil  and  gas  prices,  and 
changing  OPEC  (Organization  of  Petroleum  Exporting  Coun¬ 
tries)  politics  and  global  oil  miirkets  have  resulted  in  lower  energy 
prices.  At  the  same  time,  the  changing  regulatory  framework  for 
electricity  is  opening  new  opportunities  for  nonutility  generation 
of  power,  which  could  include  RETs. 

RET  commercial  successes  and  failures  have  begun  to  estab¬ 
lish  a  track  record  in  technology  cost  and  performance.  As  a  re¬ 
sult,  capital  markets  are  now  more  familiar  with  the  potential 
benefits  and  risks  of  RET  investments.  Over  the  past  20  years,  for 
example,  prices  of  wind-  and  photovoltaic-generated  power 
dropped  by  10  times  or  more,  and  a  small  but  significant  industry 
has  begun  to  develop  around  them.  Growing  awareness  of  the 
new  opportunities  presented  by  RETs,  particularly  in  developing 
countries,  has  generated  much  interest  in,  and  intense  competi¬ 
tion  from,  European  and  Asian  countries  and  companies, 

The  costs,  benefits,  and  risks  of  developing  and  commercializ¬ 
ing  RETs,  and  the  time  frame  and  scale  of  their  contribution,  de¬ 
pend  on  the  relative  maturity  of  each  technology,  the  particular 
application,  and  the  market  competition.  This  report  reviews  the 
lessons  learned  in  the  last  20  years  of  renewable  technology  de- 
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velopment.  In  addition,  it  describes  recent  ad¬ 
vances  in  RETs  and  how  they  might  contribute  to 
key  U.S.  energy  policy  goals,  including  economic 
vitality,  environmental  quality,  and  national  secu- 
rity«  Finally,  the  report  also  charts  alternative 
technology  and  policy  paths  for  developing  and 
commercializing  RETs.  An  overview  of  how  en¬ 
ergy  is  used  in  the  U.S.  economy  and  how  RETs 
fit  into  changing  energy  patterns  is  presented  in 
appendix  1  -A. 

It  should  be  noted  that  RETs  are  not  the  only 
technologies  that  can  help  meet  national  energy 
goals.  Energy  efficiency  improvements,  cleaner 
conventional  technologies,  increasing  use  of  natu¬ 
ral  gas  and  other  lower  emission  fuels,  and  other 
fuels  and  technologies  are  all  competing  for  these 
markets.  As  discussed  throughout  this  report, 
RETs  offer  advantages  as  well  as  disadvantages  in 
meeting  market  as  well  as  national  needs.  The 
time  frame  and  scale  in  which  RETs  are  used  in  the 
future  will  ultimately  depend  on  their  cost,  per¬ 
formance,  and  benefits  compared  with  the  cost, 
performance,  and  benefits  of  competitors  in  par¬ 
ticular  applications. 

RENEWABLE  ENERGY  RESOURCES 
AND  TECHNOLOGIES 

Renewable  energy  resources  include  biomass, 
geothermal,  hydro,  ocean,  solar,  and  wind  energy. 
These  resources  are  discussed  in  chapters  2  and  5. 
Summaries  of  key  issues  and  findings  are  pres¬ 
ented  in  boxes  1-1  to  1-5.  The  technical,  econom¬ 
ic,  and  environmental  characteristics  of  these 
resources  and  their  conversion  technologies  are 
described  in  the  following  chapters.  A  number  of 
facilitating  technologies  are  also  briefly  examined 
in  the  following  chapters,  including  energy  stor¬ 
age,  ’  electricity  transmission  and  distribution  (see 


chapter  5),  and  power  electronics  (see  chapters  4 
and  5).  Renewable  energy  resources  are  distrib¬ 
uted  widely  across  the  United  States,  with  one  or 
more  resources  readily  available  in  every  region. 

I  what  Has  Changed 

Crash  efforts  to  develop  RETs  were  initiated  fol¬ 
lowing  the  first  OPEC  oil  embargo  two  decades 
ago.  In  a  number  of  cases,  commercialization  was 
begun  while  the  technologies  were  still  under  de¬ 
velopment;  inevitably,  this  resulted  in  some  tech¬ 
nical  and  commercial  failures.  For  those 
technologies  that  were  successful,  we  now  have 
the  benefit  of  two  decades  of  research  develop¬ 
ment,  and  demonstration  (RD&D)  and  commer¬ 
cialization  efforts.  Costs  of  many  RETs  have 
dropped  sharply  (e.g.,  see  figure  1  -1),  and  perfor¬ 
mance  and  reliability  have  gone  up.  Numerous 
systems  have  been  installed  in  the  field,  providing 
experience  and  allowing  some  scaleup  in 
manufacturing  (see  figure  1-2).  Where  high-quali¬ 
ty  resources  are  available,  a  variety  of  RETs  now 
offer  cost-effective,^  env  ironmentall  y  sound  ener¬ 
gy  services  in  numerous  applications.  Examples 
include  the  use  of  passive  solar  in  buildings  and 
electricity-generating  technologies  such  as  bio¬ 
mass,  geothermal,  and  wind  energy.^  Several  oth¬ 
ers,  such  as  photovoltaics  (PVs,  are  now  limited 
to  high-value  niche  markets,  but  could  become 
broadly  cost-competitive  within  the  next  decade 
or  two  (see  chapter  5).  Technologies  for  integrat¬ 
ing  renewable  into  systems  are  also  substantially 
improved  (chapter  5). 

Commercialization  efforts  over  the  past  two 
decades  have  shown  that  some  technologies  and 
policies  work  and  some  do  not.  Federally  sup¬ 
ported  RD&D  programs  have  found  considerable 
value  in  public-private  partnerships,  as  they  main- 


I  Storage  technologies  include  bioenergy  liquids  and  gases;  compressed  air  storage;  electric  batteries  (and  Other  chemical  storage  systems); 
thermal  energy  storage  in  thermal  mass,  oil,  or  phase  change  salts;  pumped  hydroelectric;  and  others  not  discussed  in  this  report  such  as  super¬ 
conducting  magnetic  energy  storage. 

2as  used  throughout  this  rcpon,  a  cost-effective  technology  is  one  that  costs  less  than  competing  technologies  when  they  are  compared  on  a 
life-cycle  cost  basis,  using  the  technologies’  capital  and  maintenance  costs,  market  energy  costs  and  discount  rates,  technology  lifetimes,  and 
other  relevant  factors.  This  does  not  include  externalities,  fuel  cost  risks,  or  other  factors  (see  chapter  6). 

^Hydro  has  long  been  a  low-cost  electricity  generator  and  is  not  listed  here. 
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BOX  1-1;  Bioenergy 


Biomass  (“stored  sunshine”)  is  the  second  most  commonly  used  renewable  resource,  just  behind  hy¬ 
dropower.  Biomass  is  used  extensively  for  home  heating(firewood)andfor  generating  electricity,  especial¬ 
ly  inthe  forest  products  Industry  In  addition  to  wood  burned  directly  for  heat,  agricultural  residues,  animal 
wastes,  and  municipal  solid  wastes  are  used  as  biofuels  and  have  considerable  potential  The  greatest 
potential  is  from  plants  grown  specifically  for  their  energy  content.  These  plants  also  could  be  burned  di 
rectly  or  gasified  for  use  In  a  combustion  turbine  for  electriciy,  or  converted  to  other  fuels,  such  as  alcohol, 
for  use  in  the  transportation  sector 

The  agricultural  sector  could  produce  large  quantities  of  trees  and  grasses  that  can  be  converted  to 
electricity  heat,  or  liquid  or  gaseous  fuels  These  crops  could  provide  such  as  one-quarter  of  current 

national  primary  energy  use,  however,  the  amount  of  land  that  Will  be  available  for  energy  crops  is  un¬ 
certain 

Perennial  trees  and  grasses  can  protect  SOUS,  impro  /e  water  quality  and  provide  habitat  for  a  '  ^riety  of 
animals,  unlike  conventional  annual  row  crops  In  contrast  to  com-ethanol — the  most  familar  energy  crop — 
these  crops  have  high  net  energy  returns  and  are  potentially  cost-comptitive  with  fossils.  If  bioenerg 

crops  replace  fossil  fuels,  they  can  reduce  the  emission  of  sulfur  oxides  (SQand  greenhouse  gases,  and 
also  reduce  U  S  dependence  on  Imported  ott,  which  now  costs  $45  billion  per  year.  Growing  these  crops 
and  converting  them  to  fuels  or  electricity  could  provide  additional  jobs  and  income  to  hard-pressed  rural 
areas  while  potentially  offsetting  portion  of  the  roughly  $10  billion  in  current  federal  expenditures  on  SOil 
conservation,  commoditysupports,  and  certain  other  agricultural  programs. 

Bioenergy  crop  productivityhas  increased  by  more  than  50  percent  and  costs  have  been  sharply  re¬ 

duced  in  the  past  15  years,  based  on  research  on  more  than  125  woody  and  grassy  species  and  Intensive 
development  of  half  a  dozen  Although  they  are  approaching  cost-competitiveness  in  some  cases,  addi¬ 
tional  R&D  IS  needed  to  further  Improve  these  crops  and  their  harvesting  and  transport  equipment,  support 
agricultural  extension  efforts,  and  fully  develop  the  fuel  conversion  and  electricity  generation  technologies. 

Much  of  the  success  of  U  S  agriculture  is  due  to  federally  funded  RD&D.  The  highly  fragmented  nature 
of  the  sector  has  precluded  extensive  research, and  that  situationalso  applies  to  biomass  in  addition  to 

RD&D,  realizing  the  broad  potential  of  energy  crops  Will  require  considerable  planning  and  coordination 
among  public  and  privateentitles  Mechanisms  to  help  broker  or  leverage  partnerships  between  bioenergy 
farmers  and  processors  may  be  useful  during  the  commercialization  process 
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tain  a  commercial  focus  and  incorporate  a  technol¬ 
ogy  transfer  process.  Federal  tax  policy  has,  in 
some  cases,  begun  shifting  to  performance-based 
measures  such  as  energy  production  credits  and 
away  from  investment-based  measures  such  as  in¬ 
vestment  tax  credits.  Many  programs  increasingly 
emphasize  leveraging  federal  investment  by  mov¬ 
ing  upstream  to  where  a  product  is  designed  or 
produced  in  order  to  have  the  greatest  impact  per 
unit  investment.  The  past  two  decades  of  commer¬ 
cialization  experience  can  be  a  useful  guide 
should  changes  in  federal  policies  and  initiatives 


to  develop  and  commercialize  RETs  be  consid¬ 
ered. 

For  some  RETs,  a  substantial  industry  has  be¬ 
gun  to  develop.  The  industry  downsized  after  tax 
benefits  expired  or  were  reduced  beginning  in 
1986  and  as  energy  prices  dropped.  Many  large 
firms  left  renewable  energy,  and  smaller  compa¬ 
nies  closed.  Other  firms-many  small,  some  me¬ 
dium,  and  a  few  large-continueddevelopment 
and  have  realized  substantial  improvements  in 
cost  and  performance.  Based  on  these  advances 
and  the  many  new  opportunities  foreseen  for 
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BOX  1-2:  Direct  Solar  Use  in  Buildings 


Residentialand  commercial  buildings  use  about  $18  billon  worthof  energy  annually  for  services  such 
as  space  heating  and  cooling,  lighting,  and  water  heating.  Following  the  first  ollembargo,  a  number  of 
efforts  were  launched  to  use  renewable  energy  inbulidngs  despite  the  lack  of  research,  development,  and 
demonstration  (RD&D).  Many  of  these  premature  efforts  to  commercialize  unproven  technologies  failed 
Two  decades  later,  there  is  now  a  substantial  base  of  proven  technologies  and  practical  policy  experience, 
and  many  more  mid-term  RD&D  opportunities 

Passive  architecture  and  daylighting, which  require  few  or  no  additional  materials,  are  the  most  cost-ef¬ 
fective  of  the  building  RETs.  Passivearchitecture  uses  the  same  elements  as  the  conventionalbuilding— for 
example,  walls,  windows,  overhangs — but  reconfigures  them  to  capture,  store,  and  distrlbuterenewable 
energy.  Daylighting  Is  a  technique  for  integratingatural  light  using  lightingontrols  Combined  with  effi¬ 
ciency  Improvements,  these  RETs  have  demonstrated  cost-effectwe  energy  savings  of  50  percent  In  new 
buildings  compared  withtheir  conventionalcounterparts.  Building-Integrated  technologies  that  reduce  ma¬ 
terial  use  by  serving  both  as  part  of  the  roof  or  wall  and  as  an  energy  collector  are  also  frequently  cost-ef¬ 
fective.  In  contrast,  technologies  that  require  large  amounts  of  expensivematerials,  for  Instance,  add-on 
rooftop  collectors  to  provide  low-quality  heat,  such  as  for  spaceheatingthe  type  most  people  think  of— 
are  often  not  cost-effectiveunder  current  conditions 

Although  passive  architecture,  daylighting,  and  certain  other  technologies  have  demonstrated  good 
performance  Inthe  field,  their  use  remains  limited  due  to  factors  such  as  the  complexity  of  passivedesign, 
the  lack  of  good  computer-aided  design  tools,  and  the  lack  of  trained  architects/engineers  Further,  the 
construction  Industry  is  highly  fragmented  inthe  United  States,  invests  little  in  RD&D  or  technology  trans¬ 
fer,  and  IS  slow  to  change.  The  buildings  market  also  places  little  premium  on  building  energy  perfor¬ 
mance.  few  know  what  their  energy  bills  are  likelyto  be  before  purchasing  a  building,  energy  costs  are 
generally  not  considered  Indetermining  mortgage  eligibility,  even  if  energy  costs  are  a  significantfraction 
of  owning  and  operating  the  building  and  landlords,  for  example,  often  do  not  pay  energy  bills  and  so 
have  little  reason  to  invest  in  RET  features, 

Tax  credits  have  been  used  to  encourage  the  application  of  RETs  in  buildings  However,  the  credits 
effectively  were  limited  to  measurable  add-on  equipment,  rather  than  more  cost-effective  passivearchi¬ 
tecture  and  buildingintegrated  systems.  Potentially  higher  leverage  supports  include  RD&D  and  field  val¬ 
idation,  design  assistance  and  education  and  Information  programs,  and  energy  performance-based  mor- 
tages  or  financial  incentives. Inrecent  years,  funding  of  the  Department  of  Energy’s  solar  buildings 
program  has  been  less  than  $5  million,  a  tiny  fraction  of  the  potential  savingsfrom  wide-scale  commercial¬ 
ization. 
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RETs  due  to  environmental,  economic,  and  other 
considerations,  some  large  firms  (including  for¬ 
eign  firms)  are  now  entering  (or  recentering)  the 
RET  industry.  Wind  electric  companies  are  now 
beginning  to  emerge  as  strong  competitors  with 
conventional  systems.  Others,  such  as  in  the 
buildings  sector  and  solar  thermal  electric  sys¬ 
tems,  have  not  yet  recovered.  Still  others — such  as 
PVs — were  relatively  unaffected  by  these  changes 
and  have  continued  to  grow  at  a  strong  pace 


throughout  this  period  by  concentrating  on  higher 
value  niche  markets  (although  still  a  small  indus¬ 
try). 

Finally,  the  general  business  practices  of  the 
RET  industry  have  matured  considerably  in  the 
last  decade.  The  substantial  changes  in  the  busi¬ 
ness  environment-declining  (in  real  terms)  fos¬ 
sil  energy  prices,  international  competition,  new 
federal  legislation  such  as  the  Energy  Policy  Act 
of  1992  and  reauthorization  of  the  Clean  Air  Act, 
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BOX  1-3;  Renewables  in  the  Transportation  Sector 


Highway  transportation  accounts  for  about 
one-fifth  of  total  U  S  primary  energy  use,  and 
over  half  of  total  U  S  011  use,  about  half  of 
which  IS  Imported  These  imports  are  ex¬ 
pected  to  Increase  dramatically  over  the  next 
several  decades,  making  the  economy  more 
vulnerable  to  the  supply  and  price  volatility  of 
the  world  01 1  market 

Ethanol  and  methanol  from  trees  or 
grasses,  diesel  011  substitutes  from  oil-produc¬ 
ing  plants,  electricity  generated  by  renewable 
energy,  and  hydrogen  gasified  from  crops  or 
electrolyzeu  from  water  by  renewable-gener¬ 
ated  electricity  are  the  principal  renewable  en-  ^  ^  ^  ^  ^  i 

^  ,  ,  The  Ford  Flexible  Fuel  vehicle,  an  adaptation  from  a  regular 

ergy  fuels  that  might  substitute  for  today  s  production  Taurus,  will  operate  on  methanol,  ethanol. 
petroleum-based  liquids  These  fuels  could  be  gasoline,  or  any  combination  of  those  fuels 
used  in  a  variety  of  vehicle  technologies, 

Includingconventional  Internal  combustion  engine,  battery-powered,  hybrid,  and  fuel  cell  vehicles  Each 
alternative  offers  a  different  set  of  technical,  economic,  and  performance  tradeoffs,  research,  development, 
and  demonstration  (RD&D)challenges.  and  time  frames  for  commerciallzationSubstantial  technological 
advances  have  already  been  realized  in  each  of  these  areas  over  the  past  two  decades  Further  RD&D 
remains,  but  the  wide  range  of  renewable  fuel  and  vehicle  options  greatly  Improves  the  likelihood  that  one 
or  more  Will  succeed 

Even  the  potentially  best  process  for  converting  biomass  to  methanol  (thermochemical  gasification)  or 
ethanol  (enzymatic  hydrolyses)  Will  be  only  marginally  competlive  with  gasoline  on  a  direct  replacement 
basis  However,  alcohol  fuels  also  can  be  used  in  fuel  cells,  with  significantly  Improved 

As  Important  Will  be  developing  the  necessary  fuel  and  vehicle  Infrastructure  Technology  paths  that 
can  take  one  step  at  a  time,  such  as  fossil  fuels  in  hybrid  and  then  fuel  cell  vehicles  combined  with  renew¬ 
able  fuels  in  conventional  ani  then  hybrid  or  fuel  cell  vehicles,  may  ease  the  transition  and  allow  infrastruc¬ 
ture  development 

Much  of  the  benefit  of  renewable  fuels  in  the  transportation  sector  s  public  reduced  01 1  imports  and 
U  S  vulnerability  reduced  pollution  (for  example,  cleaner  combustion  in  urban  areas,  little  or  no  carbon 
dioxide  emissions),  and  strengthened  rural  economies  The  primary  incentive  for  private  sector  Investment 
in  substantial  R&D  efforts  is  regulatory,  such  as  the  low-  and  zero-emission  vehicle  requirements  in  Califor- 
ma  Public-private  joint  ventures  can  leverage  Investment  and  ensure  effective  commercialization, 
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and  considerable  changes  in  the  state  economic  be  competitive  with  additional  R&D.  However, 

and  environmental  regulation  of  the  electric  utilit  y  establishing  the  conditions  necessary  for  large- 

industry — have  added  complexity  to  making  RET  scale  investment  in  RETs,  including  developing 

investment  decisions.  Where  resources  are  favor-  an  awareness  of  the  opportunities  among  potential 

able,  technology  cost  and  performance  demon-  users  and  the  financial  community  and  resolving 

strated,  and  environmental  benefits  valued,  some  institutional  difficulties,  remains  a  substantial 

RETs  can  compete  and  others  have  the  potential  to  challenge. 
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BOX  1-4:  Renewables  for  Electricity  Generation 


Many  RETs  are  particularly  suited  to  the  generation  of  electricity,  a  sector  that  consumes  about  36  per¬ 
cent  of  U  S  primary  energy  Of  particular  interest  are 

•  Bioenergy  from  plants,  which  can  be  burned  directly  to  drive  a  steam  turbine,  much  like  a  coal-fired 
plant,  or  gasified  and  burned  in  a  combustion  turbine  as  noted  in  box  1-1 

Geothermal  energy  in  the  earth  can  be  exploited  in  areas  where  it  Is  concentrated  near  the  surface  It 
IS  tapped  by  drilling  a  well  and  extracting  hot  water  or  steam  (similar  to  an  Oil  well)  to  power  a  turbine 
Hydrothermal  resources,  the  only  commercial  resource,  are  steam  or  hot  water  that  can  be  extracted  to 
power  a  turbine.  Geopress urized  brine,  hot  dry  rocks,  and  magma  are  other  resources  that  Will  require 
further  RD&D 

•  Photovoltaic  technologies  convert  sunlight  directly  to  electricity  Technology  and  production  are  ad¬ 
vancing  rapidly 

•  Solar  thermal  technologies  concentrate  sunlight  on  a  receiver.  The  heat  is  transferred  to  a  fluid  that 
powers  a  turbine  (or  is  used  for  Industroal  process  heat).  Solar  thermal  trough  systems  have  performed 
well,  but  central  receivers  and  dishes  appear  more  promissing. 

•  Wind  energy  is  captured  by  a  turbine  The  technology  has  matured  rapidly.  Many  applications  are  cost- 
effective.  Two  main  types  have  been  developed,  horizontal  and  vertical  axis 

All  of  these  technologies  show  great  promise  to  contribute  silgnificantly  to  electricity  needs  cleanly  and 
cost-effectively;  ’hydropower  (a  mature  renewable  technology)  has  long  served  The  cost  and  performance 
of  these  technologies  have  Improved  dramatically  over  the  past  10  to  20  years,  and  considerable  field  1 

experience  has  demonstrated  their  long-term  potential.  The  maturity  of  these  technologies  varies  widely 
Some  are  already  cost-competitive  where  renewable  resources  are  favorable  Others  are  still  expensive 
and  used  primarily  in  niche  markets. 

All  these  RETs  need  further  RD&D  to  improve  their  cost-competitiveness.  Many  major  Improvements  in 
technology  are  expected  Scaling  up  manufacturing  Will  also  help  significantly  in  reducing  costs,  but  this  is 
difficult  because  the  markets  that  are  viable  at  current  or  near-term-achievable  costs  are  not  large  enough 
to  support  Increased  manufacturing  For  biomass,  geothermal,  and  wind,  commercialilzation  efforts  are 
probably  even  more  Important  than  RD&D 


'  Not  Included  here  are  ocean  thermal  energy  conversion,  andtidal  and  wave  energy  These  technologies  have  limited  applicabili 
(y  for  the  United  States  and  are  likely  to  have  higher  costs  than  many  alternatives 
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I  Renewable  Energy  Characteristics 

Several  characteristics  substantitilly  affect  renew¬ 
able  energy  technology  cost,  performance,  and 
operation.  These  characteristics  directly  motivate 
many  of  the  strategies  and  policy  options  dis¬ 
cussed  below. 

Site  Specificity 

Most  renewable  resources  are  site-specific.  For 
example,  biomass  is  available  where  soils  and  cli¬ 


mate  provide  good  growing  conditions  for  plants 
(see  chapter  2).  Geothermal  resources  are  limited 
to  regions  where  there  are  good  underground  hot 
water  or  steam  resources,  or  high  temperatures  rel¬ 
atively  near  the  surface;  hydropower  is  available 
where  there  are  adequate  river  flows  and  appropri¬ 
ate  topography  (including  sites  for  dams);  solar 
energy  is  widely  distributed,  but  is  best  in  the 
sunny  and  dry  southwest;  and  wind  resources  are 
best  along  coastal  regions,  mountain  passes,  and 
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BOX  1-5;  Government  Supports  and  International  Competition  for  Photovoltaics 


U  S  manufacturers  have  led  the  world  in  photovoltaic  (PV)  research,  development,  and  commercializa¬ 
tion  Today,  these  manufacturers  are  facing  strong  challenges  from  foreign  competitors,  which  are  often 
more  strongly  supported  by  public  RD&D  and  commercilalization  programs 

The  United  States  was  a  close  third  behind  Germany  and  Japan  in  total  support  for  photovoltaic  RD&D 
in  1992  U  S  commercialization  supports  for  PVs  Include  five-year  accelerated  depredation  and  a  10-per¬ 
cent  Investment  tax  credit  for  nonutility  generators  Electricity  buyback  rates  are  set  at  the  utility  avoided 
cost,  which  .s  typically  m  the  3c  to  7c/kWh  range.  These  supports  are  insuflicient  to  pull  PVs  into  utility 
markets  generally  The  U  S  strategy  for  PVS  has  been  to  identify  and  aggregate  high-value  niche  markets 
In  contrast,  Italy  subsidizes  up  to  80  percent  of  the  Installation  costs  of  PVs,  or  provides  buyback  rates  for 
peak  periods  of  up  to  28@/kWh  Japan  recently  launched  a  program  to  subsildize  up  to  two-thirds  of  the 
cost  of  household  PV  systems— with  a  goal  of  70,000  systems  Installed  by  2000— or  has  buyback  rates  as 
high  as  24@/kWh  Germany  subsidizes  up  to  70  percent  of  system  capital  costs  Such  :rge  supports  ap¬ 
pear  excessive,  but  may  in  fact  be  strategic  these  countries  expect  that  by  encouraging  large-scale  pro¬ 
duction,  costs  Will  decline  rapidly  to  levels  more  broadly  competitive.  This  will  provide  domestic  environ¬ 
mental  and  other  benefits  and  Will  also  provide  a  potentially  large  cost  advantage  in  International  markets 
In  developing  countries,  demand  for  electricity  is  growing  rapidily.  Estimates  of  the  overall  market  for 
utility  power  generation  equipment  are  typically  In  the  range  of  $100  billion  per  year,  Further,  many  people 
in  rural  areas  of  developing  countries  are  unlikely  to  be  served  by  conventional  electric  utility  grids  for 
many  years  RET  systems  for  remote  applications  can  be  quite  competive  with  diesel  generators  Provid  - 
ing  these  technologies  can  have  a  powerful  impact  on  economic  development  in  these  countries  as  well  as 
offering  a  large  market  opportunity  that  can  leverage  even  greater  sales  of  other  equipment 

U  S  -based  PV  production  accounted  for  about  37  percent  of  the  global  total  in  1993,  of  this,  about  70 
percent  was  shipped  abroad  Whether  or  not  U  S  -owned  or  U.S.  -based  firms  can  maintain  this  strength 
Will  depend  on  both  the  level  of  RD&D  conducted  here  and  on  the  ability  of  these  firms  to  scale  up 
manufacturing  The  recent  sale  of  Arco  Solar,  Solec,  Mobil  Solar,  and  others  to  German  and  Japanese 
firms  and  the  joint  venture  by  ECD  with  Canon  (Japan)  Indicates  a  continuing  and  serious  problem  for  U  S 
firms  in  supporting  long-term  RD&D  and  manufacturing  Investment  As  a  consequence,  nearly  two-thirds  of 
U  S  -based  PV  production  is  by  foreign-owned  firms  Other  companies,  especially  small,  innovative  firms, 
may  also  be  bought  out  if  they  cannot  obtain  funding  for  R&D  and  manufacturing  scaleup  On  the  otht  ' 
hand,  the  recently  announced  venture  between  Solarex  and  Enron  Corp.  for  a  manufacturing  scaleup  of  PV 
production  within  the  Nevada  Solar  Enterprise  Zone  may  provide  a  model  for  privately  led,  publicly  lever¬ 
aged  Investment  A  potentially  very  large  market  is  at  stake 
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in  the  plains  states  (see  chapter  5  ).  Some  resources 
also  vary  dramatically  even  among  adjacent  loca¬ 
tions.  For  example,  wind  resources  may  be  very 
good  at  one  part  of  a  mountain  pass,  but  poor  on 
the  downwind  slope.  This  site  specificity  has  sev¬ 
eral  important  implications: 

•Resource  evaluation.  Site-specific  (and  often 
intermittent)  resources  may  require  extensive 
measurement  over  a  relatively  long  period  of 


time  (years)  in  order  to  adequakly  evaluate 
their  potential. 

Design.  Site  specificity  requires  greater  atten  - 
tion  to  the  design  of  renewable  energy  systems 
than  is  the  case  for  fossil-fueled  technologies. 
This  is  particularly  important  in  the  case  of  pas¬ 
sive  solar  buildings  (chapter  3)  and  certain 
electricity  generating  RETs  (chapter  5). 


KPNFTECH  WINDPOWFR.  INC 


8 1  Renewing  Our  Energy  Future 


Kenetech  Windpower  Inc.  33M-VS  wind  turbines  lated  at 
Aftamont  Pass,  California  Wind  turbine  performance 
greatly  improved  over  the  past  15  years,  and  costs  have 
declined 

Energy  transportation/transmission.  Site  spec¬ 
ificity  may  mean  that  economically  attractive 
resources  are  located  at  a  distance  from  where 
the  energy  will  be  used,  requiring  long-distance 
transportation/transmission  of  the  generated 
energy.  In  turn,  this  may  require  the  develop¬ 
ment  of  substantial  infrastructure  at  a  signifi¬ 
cant  capital  investment.  RETs  also  vary 
considerably  in  their  energy  transportation/ 
transmission  requirements.  Geothermal,  wind, 
biomass,  and  some  solar  thermal  systems  tend 
to  be  relatively  large  centralized  facilities  re¬ 
quiring  (often  dedicated)  high-power  transmis¬ 
sion  systems,  while  PV  and  solar  thermal 
systems  can  be  small,  widely  dispersed  units 
that  can  potentially  be  integrated  into  existing 
lower  power  transmission  and  distribution 
(T&D)  systems. 

Strategies  that  respond  to  site  specificity  in¬ 
clude:  conducting  extensive  resource  valuations 
and  developing  appropriate  site-sensitive  analyti¬ 


cal  tools,  including  geographic  information  sys¬ 
tems. 

Intermittence 

Renewable  resources  differ  in  their  availability. 
Hydro  (with  dam  storage)  and  biomass  have  stor¬ 
age  built  in — for  example,  biomass  is  stored  sun¬ 
shine — and  can  consequently  be  operated  at  any 
time  of  the  day  or  night  as  needed.  Geothermal 
and  ocean  thermal  energy  tap  very  large  heat  re¬ 
serves  that  provide  storage.  These  systems  can  di¬ 
rectly  offset  utility  fossil-fuel-fired  capacity.  In 
contrast,  wind  and  solar  systems  are  available 
only  when  the  wind  blows  or  the  sun  shines;  they 
are  intermittent.  Intermittence  introduces  two  ma¬ 
jor  considerations: 

■  Application,  integration,  and  operation.  For 
electric  power  systems,  the  energy  end  use 
powered  by  an  intermittent  renewable  resource 
must  either  not  require  energy  on  demand,  such 
as  certain  remote  electric  power  applications, 


A  home  in  the  1994  award-winning  Esperanza  del  Sol 
development  m  Dallas  For  a  net  capital  cost  of  $150,  energy 
effciency  and  renewable  energy  /improvements  reduce  the 
annual  heating  and  cooling  bill  to  an  estiamated  $300,  ha/f  that 
of  s/molar  convene!  homes  in  the  area 
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FIGURE  1-1 :  Cost  Reductions  for  Wind  Energy  and  Photovoltaic  Technologies,  1980-94 


NOTE  The  cost  of  wind  and  photovoltaic  (PV)  systems  and  generated  eleciricity  DECLINED  The  figure  or  the  Left  shows  data  for  win' 
turbines  rslalled  in  Calfornia  (which  accounts  for  most  turbines  in  the  United  States)  The  figure  on  the  right  shows  overall  U  S.  PV  modole  costs, 
and  complete  PV  systems  installed  at  the  Pte  PVUSA  site  in  Davis  California  ToonverPV  system  costs  to  an  approximate  cost  of  generated  electricity 
divide  the  system  capital  cost  by  20,000  to  get  c/  kWh  Expanded  scales  show  that  costs  continue  to  decline  sharply 

SOURCES  Wind  data  are  from  Pad  Gipe  Paul  Gipe  and  Associates  TehachapI  CA  Wind  Energy  Comes  of  Age  in  California,  Dale  Osborn, 
persona  commumcation,  April  1994  PV  data  for  modules  only  are  for  U  S  based  production  and  were  provided  by  George  Cody  Evxon  Corporate 
Research  and  Developmenyt  Laboratory  personal  communication,  February  1993  Paul  Maycock,  PV  Energy  Systems. Inc.,  January  1993  For  com¬ 
plete  PV  systems  data  are  for  Installations  by  U  S  PV  manufacturers  under  the  PVUSA  project  at  Davis  California,  and  were  provide  by  Dan  Shugar 
Advanced  Photovoltaoc  Systems  Inc.,  personal  communication,  June  1994 


or  the  system  must  be  effectively  backed  up  by 
integrating  it  with  other  power  systems  (such  as 
gas  turbines  or  hydropower)  or  by  storage  sys¬ 
tems  (such  as  batteries  ).4  At  small  to  moderate 
penetration  levels,  intermittence  poses  few  dif¬ 
ficulties  for  system  integration:  at  high  levels 
there  may  be  some  operational  difficulties  by 
requiring  greater  ramping  up  and  down  of  gen¬ 
eration  by  conventional  equipment  in  order  to 
meet  demand  (see  chapter  5).  Similarly,  using 
intermittent  solar  energy  in  buildings  generally 
requires  thermal  storage  or  conventional  back¬ 
up  for  heating,  and  integration  with  conven¬ 
tional  lighting. 


Capacity  value.  Capacity  value  refers  to  the 
conventional  generating  capacity  (that  a  utility 
does  not  need  when  it  invests  in  a  RET.  Where 
the  match  between  intermittent  RETs  (iRETs) 
and  utility  peak  load  is  good,  as  with  solar  radi¬ 
ation  and  summer  air  conditioning,  the  capac¬ 
ity  value  of  the  iRET  is  relatively  high. 
Capacity  value  can  significantly  affect  iRET 
economics,  but  only  if  the  utility  calculates  and 
credits  it,  The  full  value  of  the  iRET  is  deter¬ 
mined  by  both  the  conventional  capacity  that  it 
offsets  and  the  fuel  it  saves  (see  chapter  5  ).  Sim¬ 
ilar  considerations  apply  to  the  design  of  pas¬ 
sive  or  active  systems  for  buildings  and  the 


■^Oiher  sioraac  systems  that  might  be  used  include  compressed  air  energy  storage,  pumped  hydro,  or  possibly  superconducting  magnetic 
energy  storage. 
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energy  storage  systems  such  as  hydro  (pumped  or 
conventional)  or  compressed  air  (see  chapter  5), 

Resource  Intensity 

Some  renewable  energy  resources  are  very  dif¬ 
fuse,  Biomass  is  probably  the  most  diffuse  re¬ 
source  (the  conversion  efficiency  from  sunlight  is 
typically  less  than  1  percent),  but  it  is  an  inherent¬ 
ly  stored  form  of  solar  energy  that  can  be  collected 
and  held  until  needed.  Solar  and  wind  also  must  be 
collected  over  large  areas  but  are  not  in  a  readily 
storable  form  like  biomass  or  hydro/ 


FIGURE  1-2:  Installations  of  Renewable 
Electricity  Generation  Capacity 


sizing  of  conventional  heating  and  cooling 
equipment  for  backup  (see  chapter  3). 


3,000 


Net  Installed  capacity  (MW) 


There  are  several  strategies  that  may  be  useful  2,500- j 
in  accommodating  intermittency.  In  electricity 
generation,  for  example,  resources  such  as  wind 
and  solar  can  be  collected  over  a  larger  geographic 
area  to  average  fluctuations,  or  combined  with 
other  RETs  (e.g.,  combining  wind  and  solar  sys¬ 
tems)  that  provide  energy  at  different  times,  com¬ 
plementing  each  other.  This  may,  however,  have 
significant  impacts  on  T&D  systems  in  order  to 
move  the  energy  across  these  larger  geographic 
areas.  More  generally,  hybrids  of  conventional 
and  renewable  energy  systems  can  be  formed.  A 
hybrid  plant  relies  on  renewable  energy  when 
available,  providing  environmental  and  other 
benefits,  as  well  as  extending  fossil  resources,  and 
switches  to  fossil  fuel  when  necessary  for  backup. 

Fossil  hybrids  have  been  particularly  important 
fer  solar  thermal  development  in  California  and 
may  have  many  other  applications  with  biomass, 
geothermal,  and  other  systems.  There  may  also  be 
opportunities  to  form  hybrids  between  RETs  and 


1990 


NOTE  PV  Installations  are  on  a  global  basis,  the  others  are  for  the 
United  States  alone  Substantial  amounts  of  RET  electricity-generatmg 
capacity  have  been  Installed  over  the  past  15  years  This  has  provided 
field  experience  and  allowed  some  scaleup  in  manufacturing  of  particu¬ 
lar  technologies 

SOURCES  Office  of  Technology  Assessment,  based  on  data  from  (PV) 
Paul  Maycock,  PV  Energy  Systems,  Inc  ,  personal  communication,  De¬ 
cember  1993,  (solar  thermal)  David  Kearney,  Kearney  and  Associates, 
personal  communication,  June  1 993,  (wind)  Paul  Gipe,  Paul  Gipe  and 
Associates,  Tehachapi,  CA,  “Wind  Energy  Comes  of  Age  in  California,  ” 
n  d  ,  and  (geothermal)  Gerald  W  Braun  and  H  K  “Pete”  McCluer,  Geo¬ 
thermal  Power  Generation  In  the  United  States,  “  Proceedings  of  the 
/EEE,  VOI.  81,  No  3,  March  1993  pp  434-448 


*solar  energy  has  typical  energy  fluxes  of  150  to  250  watts/square  meter  (W/m')  as  an  annual  average,  depending  on  the  local  climate  (see 
figure  5-6).  High-quality  wind  energy  resources  are  somewhat  more  concentrated;  in  good  locations  such  as  the  Altamont  Pass  in  California, 
typical  wind  energy  fluxes  are  perhaps  450  W/m*. 
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TABLE  1-1;  Approximate  Land  Areas  Required  for 

Conventional  and  Renewable  Power  Production 

Area 

Hectares 

Acres 

Plant  type 

per  MW 

per  MW 

Geothermal 

0.1-03 

0.25-0.75 

Gas  turbine 

03-08 

0.75-2.0 

Wind 

0.4- 1.7 

1,0-4, 2 

Nuclear 

0  8-1.0 

2.0-2.5 

Coal'Steam 

0.8-80 

20-20,0 

Solar  thermal 

10-4,0 

2.5-10.0 

Hydropower 

2.4-1,000 

6.0-2,500 

Photovoltaics 

3.0-7.0 

7,5-17.0 

Biomass 

150-300 

370-750 

NOTE  All  values  have  been  rounded  off  The  value  for  nuclear  Includes  only  the  plant  Itself,  not  the  area  required  for 
mining  or  waste  disposal,  the  value  for  coal  includes  the  area  for  mining  the  value  for  natural  gas  does  not  include  the 
area  for  long-distance  pipiline  transport,  the  value  for  solar  thermal  and  photovoltaics,  as  well  as  other  renewable 
depends  strongly  on  the  assumed  conversion  effociency. 

SOURCES  Ronald  DiPippo,  “Geothermal  Energy, "  Energy  Policy  October  1991,  pp.  798-807,  table  p  804,  Jose-Rob- 
erto  Morera  and  Alan  Douglas  Poole,  "Hydropower  and  Its  Constraints,  ”  Renewable  Energy  Sources  forFueLs  and 
E/ectncity,  Thomas  B  Johansson  et  al  (eds )  (Washington,  DC  Island  Press,  1993),  and  Keith  Lee  Kozioff  and  Roger  C 
Dower,  A  New  Power  Base  Renewable  Energy  Policies  for  the  Nometoes  and  (Washington,  DC  World  Resources 
Institute,  1993) 


solar,  wind,  and  certain  other  low-intensity  re¬ 
newable  energy  resources  require  large,  capital- 
intensive  collectors.  In  effect,  these  systems  pay 
up  front  for  fuel  over  the  lifetime  of  the  system. 
This  eliminates  the  risk  of  fuel  cost  increases 
faced  by  fossil-powered  systems,  but  raises  the  fi¬ 
nancial  risk  should  the  system  not  perform  as  pre¬ 
dicted.  In  some  cases,  these  front-loaded  costs 
result  in  the  demand  for  greater  financial  security 
up-front. 

One  strategy  to  moderate  the  high  capital  costs 
of  large-area  energy  collection  is  to  develop  light¬ 
weight,  low-cost  collectors.  Lowering  capital 
costs  usually  requires  minimizing  use  of  materials 
and  poses  difficult  engineering  tradeoffs.  Many 
renewable  energy  systems  can  be  constructed  in 
small-  to  moderate-sized  modular  units.  This  can 
reduce  the  financial  costs  and  risks  and  the  time 
required  to  demonstrate  new  generations  of  the 
technology  compared  with  large-scale  technolo¬ 
gies  such  as  coal  and  nuclear  plants.  Small  modu¬ 
lar  units  can  also  be  manufactured  at  centralized 


mass  production  facilities,  providing  economies 
of  scale  to  reduce  costs. 

Another  strategy  is  to  use  systems  for  multiple 
purposes.  A  good  example  of  a  multiple-purpose 
system  is  the  passive  solar  building,  in  which  the 
building  itself  serves  as  the  collector  (see  chapter 
3).  Such  systems  are  design-intensive  as  it  is  nec¬ 
essary  to  effectively  capture  solar  energy  with 
minimal  use  of  costly  additional  materials.  Other 
examples  include  integrating  PVs  or  thermal  col¬ 
lectors  directly  into  the  building  shell  to  serve  as  a 
part  of  the  roof  or  wall  and  provide  energy  at  the 
same  time. 

Despite  the  low  resource  intensity,  the  large 
land  areas  required  for  renewable  energy  collec¬ 
tion  do  not  generally  appear  to  be  a  significant 
constraint  for  most  RETs,  For  example,  with  the 
exception  of  biomass  and,  in  some  cases  hydro, 
the  total  collection  area  required  for  RETs  is  com¬ 
parable  to  that  for  many  fossil  energy  resources 
when  the  land  area  required  for  mining  is  included 
(see  table  1-1).  The  best  locations  for  solar  sys- 
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terns,  in  particular,  also  tend  to  be  desert  areas 
with  fewer  land-use  conflicts.  Thus,  total  U.S. 
electricity  y  needs  could  in  theory  be  produced  from 
less  than  10  percent  of  the  land  of  Nevada. 

Technology  Maturity 

Renewable  energy  technologies  vary  widely  in 
maturity.  RETs  such  as  passive  solar  buildings, 
biomass  electricity,  geothermal,  and  wind  are  al¬ 
ready  cost-competitive  in  many  important  ap¬ 
plications.  PVs,  solar  thermal-electric,  and 
biomass  fuels  for  transport  show  great  promise, 
but  require  further  RD&D  and  commercialization 
to  become  cost-competitive  in  key  markets;  they 
are  now  limited  to  niche  applications.  (Specific 
RD&D  needs  and  opportunities  are  discussed  in 
the  following  chapters).  Policies  designed  to  en¬ 
courage  the  growth  of  RETs  must  be  tailored  to  the 
unique  attributes  and  needs  of  each. 

Accommodating  Resource  and 
Technological  Characteristics 

These  renewable  resource  characteristics  are,  in 
some  respects,  little  different  from  those  of  con¬ 
ventional  resources  used  today.  For  example, 
electric  utilities  have  always  had  to  consider  site 
specificity-such  as  in  hydropower  siting,  obtain¬ 
ing  cooling  water  for  coal  or  nuclear  plants,  or 
in  dealing  with  local  environmental  concerns. 
Scheduled  maintenance  and  breakdowns  reduce 
the  availability  of  all  plants.  Utilities  integrate  re¬ 
serves  and  nonutility  generators,  often  of  small 
scale,  into  their  networks. 

While  the  operating  characteristics  of  RETs  are 
not  very  different  from  those  of  conventional 
technologies,  the  analytical  tools  that  utilities  use 
to  plan  and  operate  the  grid  (e.g.,  utility  capacity 
expansion  and  dispatch  models)  are  often  not 
well-suited  to  aspects  of  many  RETs,  such  as  their 
site  specificity,  intermittence,  often  small  scale, 
and  T&D  requirements  and  impacts.  Developing 
such  tools  offers  a  potential  y  high  leverage  means 
of  encouraging  the  use  of  RETs,  especially  in  the 
buildings  and  electricity  sectors. 


Significant  benefits  could  be  realized  by  inte¬ 
grating  renewable  energy,  conventional  supply, 
and  energy-efficient  technologies.  Building  de¬ 
sign  and  operation  can  benefit  by  combining  effi¬ 
ciency  and  renewable,  which  can  also  benefit 
utilities  through  load  shifting,  peak-load  re¬ 
duction,  and  other  demand-side  management 
techniques  (see  chapter  3).  Building-integrated 
photovoltaics  have  the  potential  to  lower  PV  costs 
and  T&D  requirements  (see  chapters  3  and  5).  In¬ 
tegrating  fuel  cells  might  have  analogous  benefits. 
Battery-powered  vehicles  might  be  recharged  on  a 
schedule  that  assists  utility  operations  (see  chap¬ 
ters  4  and  5).  Hybrids  can  be  formed  of  renewable 
and  conventional  electricity-generating  equip¬ 
ment  (see  chapter  5).  Such  approaches  to  intra- 
and  intersystem  integration  can  open  new,  cost- 
effective  market  opportunities. 

I  Energy  Markets  and  Renewable 
Energy  Technologies 

Although  they  manifest  themselves  in  different 
ways,  several  market  challenges  appear  repeated¬ 
ly  when  commercializing  RETs  in  the  different 
sectors  of  the  U.S.  economy. 

Competitor  Prices 

The  price  of  fossil  fuels  is  near  historic  lows,  mak¬ 
ing  them  very  difficult  to  compete  against  in  many 
energy  markets.  Although  the  Energy  Information 
Administration  (EIA)  projects  that  fossil  fuel 
prices  will  increase  over  time  (see  appendix  1-A), 
the  risk  of  sharp  and/or  sustained  reductions  in 
their  price  make  it  difficult  for  many  firms  to 
maintain  a  viable  long-term  development  strategy 
for  RETs. 

Energy  (oil)  markets  have  been  and  may  again 
be  driven  by  the  OPEC  cartel  rather  than  market 
supply  and  demand.  The  economy  is  highly  vul¬ 
nerable  to  energy  price  increases,  and  alternative 
supplies  require  long  lead  times  to  develop  (see 
figure  1-3).  For  example,  slightly  higher  oil  prices 
for  six  months  following  Iraq’s  invasion  of  Ku¬ 
wait  raised  the  U.S.  oil  import  bill  by  roughly  $8 
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FIGURE  1-3:  Consumption  Patterns  of 
U.S.  Energy,  1850-1993 


Percentage  of  total  energy  consumption 


1850  1875  1900  1925  1950  1975  2000 


NOTE  The  energy  resources  used  by  the  United  States  have  changed 
considerably  over  the  past  150  years  Fuelwood  was  initially  the  donfil- 
nant  resource  giving  way  to  coal  then  to  01 1  and  natural  gas  The  time 
for  each  trarsition  has  been  somewhat  more  than  half  a  century  This 
provides  a  measure  of  how  much  lead  time  may  be  required  to  signifi¬ 
cantly  shift  our  energy  systems  over  to  nonfossil  fuels  should  global 
warming  or  other  environmental  economic  or  security  concerns  so 
warrant 

SOURCES  Off  Ice  of  Technology  Assessment  based  on  data  in  J  Alter- 
man  Electric  Power  Research  Institute  “A  Historical  Perspective  on 
Charges  In  U  S  Energy-Output  Ratios  “  Report  EA-3997  June  1985 
and  Energy  Information  Administration,  Annua!  Energy  Review  1993, 
USDOE/EIA-0384(93)  (Washington.  DC  July  1994) 

billion^ — on  top  of  the  roughly  $45  billion  spent 
annual]  y  for  imported  oil.  In  addition,  energy  mar¬ 
kets  do  not  now  incorporate  all  environmental 
costs,  resulting  in  imperfect  market  functioning. 

Some  observers  believe  that  any  attempts  to 
modify  the  market  will  be  worse  than  the  prob¬ 
lems  they  were  intended  to  solve.  Many  such  ob¬ 
servers  still  support  RD&D  programs  as  a  strategy 
for  dealing  with  energy  price  volatility  and  other 
issues.  A  more  activist  strategy  might  include  fi¬ 


nancial  incentives  and  competitive  set-asides  in 
order  to  diversify  supplies. 

Front'Loaded  Costs 

As  noted  above,  many  RETs  are  capital  -intensive, 
requiring  large  capital  investment  and  possibly 
additional  financial  security  to  cover  risk  (see 
chapter  6).  Many  potential  investors  also  require 
short  payback  times,  further  complicating  invest¬ 
ment  strategies. 

Strategies  to  deal  with  high  capital  costs  in¬ 
clude  encouraging  (or  requiring,  in  some  cases) 
purchasing  decisions  to  be  based  on  lifecycle 
costs;  allowing  utility  customers  to  choose  gen¬ 
eration  technologies  through  green  pricing 
schemes;’  placing  front-loaded  environmental 
taxes  and  fuel  cost  bonds  on  conventional  sys¬ 
tems:  and  creating  innovative  financial  mecha¬ 
nisms  that  reduce  the  front-loading. 

Manufacturing  Scaleup 

With  many  new  technologies,  including  RETs. 
there  is  a  frequent  “chicken-and-egg”  problem  of 
needing  a  large  market  to  scale  up  manufacturing: 
and  thus  lower  costs,  but  needing  low  costs  to  de¬ 
velop  a  large  market.  There  are  several  strategies 
to  encourage  manufacturing  scaleup.  Market  pur¬ 
chases  can  be  aggregated  and  coordinated  across 
many  potential  customers.  This  is  being  actively 
pursued  by  electric  utilities  in  PV  markets  (see 
chapters  5  and  6).  Compatible  market  niches  can 
be  found  that  independently  allow  gradual  scalc- 
up:  an  example  might  be  cofiring  biomass  with 
coal  (see  chapters  2,  5,  and  6).  Low-value  uses  as 
energy  can  sometimes  be  linked  with  high-value 
uses;  an  example  is  using  biomass  for  energy  (low 
value)  or  for  fiber  (high  value)  according  to  mar¬ 
ket  demands  and  biomass  supplies.  Long-term 
partnerships  can  be  formed  to  lower  the  produc- 
t  ion  scaleup  risks  for  both  supplier  and  user;  an  ex¬ 
ample  might  be  to  partner  farmers  with  utilities. 


^Roughly  equivalent  to  2CK>  times  current  federal  RD&D  funding  for  biomass  transport  fuel. 
^Green  pricing  the  policy  options  section  below  and  in  chapter  6. 
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Farmers  m  Texas  discussing  switch  grass,  a  potentiaily 
Important  energy  crop 


Finally,  electricity  markets  can  be  differentiated 
by  value,  in  contrast  to  the  average  pricing  now 
common.  This  is  already  done  in  the  case  of  re¬ 
mote  markets;  structural  change  may  also  encour¬ 
age  such  market  differentiation  within  the 
electricity  grid  and  elsewhere. 

Strural  Change  in  the  Electricity  Sector 

Substantial  stmctural  change  is  now  under  way  in 
U.S.  (see  chapters  5  and  6)  and  global  electricity 
markets  (see  chapter  7).  In  the  United  States,  this 


increasing  role  of  nonutility  generators  and  by  the 
use  of  competitive  bidding  in  the  purchase  of  new 
capacity  and  power.  These  changes  are  being  ac¬ 
celerated  by  the  Energy  Policy  Act  of  1992 
(EPACT — which  allows  the  formation  of  Exempt 
Wholesale  Generators  and  addresses  transmission 
access  issues)  and  by  recent  proposals  by  several 
state  public  utility  commissions  to  consider  open¬ 
ing  competition  for  electric  power  sales  to  the  re¬ 
tail  level  (see  chapters  5  and  6). 


These  changes  are  likely  to  have  mixed  impacts 
on  RETs.  The  purchase  of  RETs  has  been  lower 
under  competitive  bidding  than  under  approaches 
such  as  California's  standard  offers  during  the  ear¬ 
ly  tomid-1980s.*^  Some  believe  that  a  reduction  in 
the  purcha,se  of  RETs  is  inevitable  due  to  the  cur¬ 
rent  low  natural  gas  price;  others  believe  that  the 
bidding  process  fails  to  fully  value  RETs  and  their 
benefits.  Structural  changes  and  the  resulting 
competitive  pressures  may  also  reduce  electricity 
sector  investment  in  RDc§:D.  and  shorten  corpo¬ 
rate  and  utility  planning  horizons.  For  example, 
the  California  Energy  Commission  estimates  that 
investor-owned  utilities  will  decrease  their  invest¬ 
ment  in  advanced  RD&D  by  88  percent  in  1995 
compared  with  1993  while  overall  RD&D  will  de¬ 
cline  by  one-third  compared  with  1 992.  This  is 
likely  to  be  particularly  serious  for  higher  risk 
mid-  to  longer  term  research  efforts  in  RETs. 

On  the  other  hand,  such  structural  change 
might  assist  the  penetration  of  RETs  into  the  elec¬ 
tricity  sector  in  the  future  by  differentiating  ener¬ 
gy  markets  by  value  and  function  (unbundling). 
This  is  in  contrast  to  the  average  pricing  schemes 
widely  used  for  electricity  today.  Segmenting  the 
market  may  open  higher  value  niches  for  which 
RETs  can  more  effectively  compete,  allowing 
some  market  scaleup,  particularly  if  supported  by 
coordinated  market  aggregation  efforts.  Niche 
markets  do  have  their  limits,  however.  It  is  not  yet 
known  whether  a  strategy  of  pursuing  niche  mar- 
will  be  sufficient  to  enable  the  cost  reductions 
necessary  to  compete  in  largc-.scale  power  mar¬ 
kets. 

Leveling  the  Playing  Field 

Many  have  suggested  that  the  market  is  sharply 
tilted  against  the  purchase  and  use  of  RETs  due  to 
direct  and  indirect  taxes,  subsidies,  and  other  fac¬ 
tors.  The  Office  of  Technology  Assessment  evalu  - 
ated  five  factors  affecting  RETs  in  the  electricity 


change  has  so  far  been  manifested  primarily  by  the - 


‘The  Public  Utility  Regulatory  Policies  Act  establishblished  a  category  of  qualifiing  facilities  (  QFs ),  which  were  restricted  to  enewable  energy 
and  cogeneration  power  stations.  Utilities  were  directed  to  buy  the  power  from  QFs  at  their  avoided  cost  of  power  production.  The  California 
standard  offers  were  developed  in  response  to  this  requirement.  Competitiv^idding  not  generally  restricted  by  fuel  source. 
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sector;  powcrplant  finance,  full-fuel-cycle  fi¬ 
nance.  direct  and  indirect  subsidies,  risk  and  un¬ 
certainty,  and  environmental  costs  (see  chapter  6). 
While  there  appears  to  be  some  tilt  against  RETs 
overall,  the  nature  and  degree  vary  with  the  partic¬ 
ular  energy  resource  and  technology.  More  signif¬ 
icantly.  the  analysis  suggested  that  some  of  the 
policies  intended  to  stimulate  use  of  RETs  prob¬ 
ably  have  relatively  little  impact. 

Accelerated  depreciation  compensates  for 
part — but  often  not  all— of  tax  code  provisions 
that  disadvantage  capital-intensive  RETs.  Bene¬ 
fits  such  as  EPACTs  10-year,  5c/kWh  Renew¬ 
able  Electricity  Production  Credit  provided  to 
wind  and  closed-loop  biomass  systems  reduce 
full-fuel-cycle  taxes  in  the  scenarios  modeled 
down  to  or  somewhat  below  those  for  natural  gas, 
unless  limited  by  Alternative  Minimum  Tax  pro¬ 
visions  (see  chapter  6).  In  contrast,  these  tax  bene¬ 
fits  provide  little  support  for  RETs  that  now  have 
relatively  high  costs,  yet  need  to  enter  these  large- 
scale  markets  if  they  are  to  scale  up  manufacturing 
and  and  capture  economies  of  scale  sufficient  to  lower 
their  costs  to  more  competitive  levels. 

Infrastructure  Development 

The  development  of  a  supporting  infrastructure 
for  RETs  can  require  large  capital  investments. 
This  can  be  a  heavy  overher  1  before  RET  devel¬ 
opment  can  begin.  Examples  include  establishing 
long-distance  transmission  lines  for  RET  generat¬ 
ing  facilities  sited  where  resources  are  good  but 

far  from  loads,  and  pipelines  and  distribution  sys¬ 
tems  for  renewable  fuels. 

Strategies  to  develop  supporting  infrastructure 
involve  long-term,  multiple-use  planning  around 
particular  technology  paths.  Transmission  sys¬ 
tems  installed  for  conventional  power  systems 
r-night  consider  routes  that  would  allow  longer 
term  development  of  RETs:  gas  pipelines  might 
consider  routes  that  would  allow  gas  use  in  hybrid 


RET  powerplants,  or  conversely,  might  allow 
trtinsport  of  renew’able  fuels  to  load  e’enters. 
Technologies  might  be  chosen  that  are  more  readi¬ 
ly  adapted  to  a  wider  range  of  fuels,  allowing  use 
of  renew’able  fuels  when  they  become  cost-effec¬ 
tive  in  the  future. 

POLICY  OPTIONS 

If  RETs  are  to  be  further  developed  and  commer¬ 
cialized.  various  policy  options  could  be  consid¬ 
ered  (see  table  1  -2),  The  costs,  benefits,  and  risks 
of  specific  strategies  will  vary  with  a  particular 
RET,  its  relative  maturity,  its  market  competitors, 
and  other  factors. 

I  Development 

Federal  funding  for  RET  developnienl  increased 
since  1990  following  the  Bush  Administration's 
development  of  the  National  Energy  Strategy.  The 
Department  of  Energy  (DOE)  FY  1995  RDt^D 
budget  of  S344  million  (S3 1 0  million  in  1992  d(4' 
lars)  is  up  from  its  low'  of  $119  million  (in  1992 
dollars)  in  FY  1990,  but  is  below  the  funding  lev¬ 
els  of  the  late  1970s  and  early  1980s  (sec  table 
D3). 

At  present,  RETs  are  expected  to  penetrate  en¬ 
ergy  markets  slowdy.  Although  ElA  projects  RET 
electricity  generation  (excluding  hydro)  to  more 
than  double  between  1993  and  2010 — from  52 
billion  to  1 18  billion  kWh  per  year — this  will  ac¬ 
count  for  just  3  percent  of  total  U.S.  electricity 
izeneration  in  2010.'’'^  Continued  development  ol 
these  technologies  will,  however,  lay  the  tounda- 
tion  for  more  rapid  expansion  later.  The  huge  scale 
of  the  U.S.  electricity  and  other  energy  sectors  re¬ 
quire  very  long  times  to  turn  over  their  capital 
stock  and  develop  new  technologies,  and  manu¬ 
facturing  enterprises  to  have  a  signil leant  impact. 
RETs  would  be  cost-effective  for  many  additional 
applications — for  example,  passive  solar  build¬ 
ings  and  electricity  generation  technologies  jsuch 
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Planning  supports  State  and  local  planning  efforts  to  use  RETs  could  be 

supported  technically  and  financially. 


Information  Information  programs  could  be  broadened  and  extended 

to  provide  markets  sufficient  access  to  up-to-date  in¬ 
formation  on  the  cost  and  performance  of  these  rapidly 
advancing  technologies 
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Taxes 

Tax  burdens  per  unit  energy  supplied  or  saved— which 
can  vary  widely  between  technologies— could  be  ad- 
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In  the  state  of  Ceara  in  northeast  Brazil,  all  the  homes  in  the 
willage  of  Cacimba  have  been  outfitted  with  50-W  PV  solar 
home  power  systems  that  provide  up  4  to  6  hours  of  light 
each  night  from  two  fluorescent  lights 

as  biomass  and  wind — ^but  will  not  be  used  in 
many  cases  due  to  various  market  challenges. 

The  following  policy  options  could  be  consid¬ 
ered  in  support  of  RET  development. 

8  Resource  assessment.  Additional  long-term 
support  for  resource  assessment  would  allow 
careful  evaluation  of  more  sites,  and  deter¬ 
mination  of  how  resources  vary  across  geo¬ 
graphic  regions  individually  and  with 
potentially  complementary  resources.  This  as¬ 
sessment  of  renewable  resources  and  the  incor¬ 
poration  of  this  data  in  geographic  information 
systems  would  also  allow  longer  term  planning 


of  energy  infrastructures  to  make  best  use  of 
these  resources. 

•  RD&D.  In  addition  to  technology  improve¬ 
ments,  RD&D  includes  field  monitoring,  com¬ 
mercial  demonstration,  and  manufacturing 
processes  and  scaleup,  sometimes  underem¬ 
phasized  in  the  past.  Field  monitoring  has  par¬ 
ticular  value  in  validating  performance  and 
providing  data  for  researchers.  Commercial 
demonstrations  of  market-ready  technologies 
can  provide  valuable  hands-on,  kick-the-tires 
experience  for  potential  builders  and  users. 
Many  of  these  activities  are  best  done  through 
public-private  partnerships,  which  can  provide 
a  commercial  focus,  improve  technology  trans¬ 
fer,  and  leverage  both  public  and  private  funds. 
Design,  planning,  and  information.  Activities 
include  supporting  the  development  of  design 
tools,  holding  design  competitions,  supporting 
the  education  of  professionals  in  the  field,  pro¬ 
viding  planning  support,  and  developing  and 
disseminating  information.  By  directly  ad¬ 
dressing  the  initial  planning  and  design  proc¬ 
esses,  these  activities  can  have  particularly 
high  leverage. 

8  Ratings  and  standards.  Additional  suPpport 
could  be  provided  to  professional  standards- 
setting  organizations  and/or  manufacturer 
associations  for  developing  ratings  and  stan¬ 
dards  for  RET  equipment  and  systems — for  ex¬ 
ample,  passive  solar  buildings. 

If  funding  for  support  of  renewable  RD&D  and 
associated  measures  to  aid  development  of  these 
technologies  is  reduced,  costs  will  decline  more 
slowly  and  fewer  opportunities  for  using  cost-ef¬ 
fective  RETs  will  be  realized.  In  the  mid-  to  long 
term,  RETs  will  displace  less  imported  oil  and 
contribute  less  to  reducing  pollution,  and  the 
economy  will  remain  more  vulnerable  to  the  risk 
of  future  energy  price  increases.  The  competitive 
challenge  posed  by  Europe  and  Japan  for  interna- 


‘ '-’Rulings  and  standards  provide  confidence  to  potential  purchasers  and  users  that  the  technology  will  perform  as  indicated  anch  or  meet 
minimum  requirements,  and  that  equipment  can  properly  work  with  that  of  other  manufacturers,  as  well  as  other  benefits. 


TABLE  1-3:  DOE  Renewable  Energy  Technology  RD&D  Funding  (in  millions  of  constant  1992  $) 
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tional  RET  markets — particularly  in  developing 
countries — might  not  be  met  effectively  and  could 
potentially  cost  U.S.  employment  and  export  op¬ 
portunities  (see  chapter  7).  Small  U.S.  manufac¬ 
turers  and  innovative  technologies  will  also  likely 
be  bought  out  by  foreign  competitors.  If,  however, 
energy  prices  remain  unexpectedly  low  over  the 
long  term,  or  if  the  impacts  of  global  warming 
prove  to  be  below  the  low  end  of  current  scientific 
estimates,  "then  the  delay  in  developing  renew¬ 
able  that  would  result  from  reduced  support 
would  not  be  as  significant,  although  export  mar¬ 
ket  opportunities  would  still  be  at  risk. 

Commercialization 

Market  challenges  faced  by  RETs  could  be  ad¬ 
dressed  by  various  strategies.  Improving  the  com¬ 
petitive  position  of  RETs  in  a  changing  market 
includes  crediting  RETs  with  environmental 
benefits,  actual  system  capacity  value  even  if  in¬ 
termittent,  and  potential  savings  in  T&D  capacity 
if  used  in  a  distributed  utility  mode  (see  chapters  5 
and  6).  The  development  and  use  of  smart  technol¬ 
ogies  and  controls  to  determine  energy  value  and 
use  would  permit  premium  prices  for  market  seg¬ 
ments  such  as  peaking  power.  Such  technologies 
may  also  allow  better  use  of  RETs,  as  well  as  ener¬ 
gy-efficient  technologies,  in  utility  demand-side 
management  programs.  Finance  and  commercial¬ 
ization  options  include:  identifying  and  tapping 
niche  markets,  including  through  private-public 
ventures;  encouraging  the  unbundling  of  energy 
prices  to  create  additional  niche  markets;  support¬ 
ing  market  aggregation  and  manufacturing  sca- 


leup  activities;  supporting  green  pricing  systems; 
helping  establish  competitive  set-asides;  and  es¬ 
tablishing  preference  for  RETs  in  federal  procure¬ 
ment. 

In  addition,  there  are  other  strategies  that  could 
help  further  level  the  playing  field  and  capture 
additional  cost-effective  applications  of  RETs.  A 
number  of  financial  risks  and  liabilities  are  not 
now  fully  accounted  for  in  developing  energy 
projects.  Examples  include  the  risk  of  fuel  price 
increases  in  electricity  generation  (largely  passed 
through  to  ratepayers  by  Fuel  Adjustment 
Clauses),  and  taxpayer  liability  for  waste  cleanup 
in  some  cases.  For  energy  markets  to  work  better, 
these  risks  and  liabilities  should  be  identified, 
their  value  estimated  to  the  extent  possible,  and 
these  costs  included  in  energy  prices,  as  appropri¬ 
ate.  The  costs  of  environmental  damage  and  other 
externalities  caused  by  energy  use  are  also  largely 
not  included  in  energy  prices,  limiting  the  effi¬ 
ciency  of  market  decisions. 

Leveling  the  playing  field  may  not  be  possible 
in  some  cases.  Precise  values  are  not  known  for 
factors  such  as  risk  reduction  or  environmental 
costs  and  benefits.  Rather  than  attempt  to  fit  all 
conventional  and  renewable  energy  technolo¬ 
gies — with  their  widely  varying  characteristics — 
into  a  single  framework,  it  may  in  some  cases  be 
preferable  to  consider  technology-specific  com¬ 
petitive  set-asides‘"to  ensure  resource  diversity 
and  promote  environmentally  benign  technolo¬ 
gies.  This  could  allow  consideration  of  RETs  with 
widely  varying  maturities  and,  with  careful  design 
of  the  set-aside,  could  allow  an  appropriate  scale- 


^  Mntergovemmenial  Panel  on  Climate  Change,  World  Meteorological  Organization.^  U.N.  Environment  Program,  Sciemifu'  Assessment  of 
Climate  Change,  Summary  and  Report  England:  Cambridge  University  Press.  1990);  andT.M.L.  Wigley  and  S.C.B.  Paper.  “Im¬ 

plications  for  Climate  and  Sea  Level  of  Revised  IPCC  Emissions  Scenarios.”  Nature,  vol.  357,  No.  28,  May  1992.  pp.  293-300.  See  also  U.S. 
Congress,  Office  of  Technology  Assessment,  Changing  by  Degrees:  Steps  To  Reduce  Greenhouse  Gases.  OTA-0-482  (Washington.  DC:  U.S. 
Government  Printing  Office,  February  1991);  and  U.S.  Congress,  Office  of  Technology  Asscs.smeni,  Preparing  for  an  Uncertain  Climate,  2 
vols..  OTA-0-567,  OTA-0-568  (Washington.  DC:  U.S.  Government  Printing  Office,  October  1993). 

'‘Competitive  set-asides  designate  quantities  of  energy  and/or  supply  capacity  of  certain  resources — such  as  renewable  energy — in  recog¬ 
nition  of  their  reduced  risk  of  fuel  cost  increases,  environmental  damages,  or  other  nonpriced  benefits.  Qualifying  technologies  then  compete  to 
supply  the  cnergy/capacity  specified  by  the  set-aside.  Due  to  (he  significant  variation  in  the  maturity  of  different  RETs.  it  may  be  desirable  in 
some  cases  to  make  competitive  set-asides  technology -specific  (e.g.,  phoiovoltaics,  solar  thermal). 
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up  of  manufacturing  in  order  to  reduce  their  pro¬ 
duction  costs  efficiently.  At  the  same  time,  it 
would  be  important  not  to  inadvertently  restrict 
RETs  to  small  market  segments. 

Tax  benefits  might  be  provided  for  those 
technologies  that  do  not  now  receive  credit  for 
benefits  such  as  reduced  environmental  costs  and 
other  externalities.  Several  tax  policy  options  arc 
listed  in  table  1-2  and  arc  discussed  within  the  re¬ 
spective  chapters.  More  detailed  analysis  is  need¬ 
ed  of  any  tax  policy  change,  including  potential 
macroeconomic  impacts,  revenue  impacts,  and 
equity  concerns. 

The  impact  of  such  policies  will  vary  consider¬ 
ably  by  the  particular  technology  and  will  be  most 
important  for  those  technologies  that  arc  now  or 
are  very  CiO.se  to  being  cost-competitive.  Less  ma¬ 
ture  technologies  that  have  potential  for  commer¬ 
cialization  at  a  significant  scale,  but  remain  high 
in  cost  due  to  the  lack  of  large-scale  markets  and 
manufacturing,  will  not  be  assisted  nearly  as 
much  by  these  changes  and  may  require  other  ap¬ 
proaches.  Many  of  these  commercialization  acti¬ 
vities  will  be  most  effective  if  pursued  through 
public-private  partnerships. 

Financial  costs  associated  with  these  types  of 
development  and  commercialization  policies  in¬ 
clude  greater  budget  outlays  for  RD&D  and  se¬ 
lected  high-leverage  commercialization  efforts. 
Additional  costs  would  vary  with  the  activity. 
RD&D  and  high-leverage  coni.nercialization  ac¬ 
tivities  (such  as  the  development  of  building  de¬ 
sign  tools)  might  be  increased  by  a  few'  million  to  a 
few  tens  of  millions  of  dollars.  Large-scale  dem¬ 
onstrations  and  commercialization  could  cost  S50 
million  to  $100  million  in  some  cases,  but  the  fed¬ 
eral  share  would  be  heavily  leveraged  with  private 
sector  investment.  For  a  few  technologies,  the 
higher  funding  levels  for  RD&D  would  need  to  be 
provided  consistently  for  at  least  a  decade  and 
possibly  longer  in  order  to  lower  the  cost  of  pow¬ 
er-generating  technologies  such  as  PVs  to  levels 
comparable  to  tho.se  of  fossil  fuels.  This  funding 
would  require  careful  allocation  to  high-Icveragc 
opportunities.  If  this  path  is  chosen,  some  consid¬ 
eration  could  be  given  to  paying  for  this  increase 
in  direct  budget  outlays  by  some  reduction  of 


present  subsidies  of  conventional  energy  technol¬ 
ogies.  Increasing  funding  for  RETs  and  related 
strategies  to  accelerate  their  development  could 
lay  the  groundwork  for  earlier  and  more  rapid  ex¬ 
pansion  of  u.se  of  RETs  should  world  energy  mar¬ 
kets,  environmental  concerns,  or  other  factors 
require  it.  If  federal  development  funding  for 
RETs  is  reduced,  the  private  sector  would  presum¬ 
ably  have  to  decide  whether  to  provide  increased 
funds  for  RET  development.  The  prospects  for 
this  are  not  good  (see  box  1  -6).  If  strategies  to  ad¬ 
dress  market  challengc.s  faced  by  RETs  are  not 
pursued,  commercialization  of  RETs  would  ^^'cur 
much  more  slowly  and  the  competitive  disadvan¬ 
tages  w’ould  be  much  more  difficult  to  overcome 
even  in  the  longer  term. 

CONCLUSION 

The  policy  options  listed  in  table  1-2  and  dis¬ 
cussed  throughout  this  report  should  be  evaluated 
in  the  context  of  a  long-term  national  strategy  for 
the  role  of  energy  in  meeting  goals  of  economic 
vitality,  environmental  quality,  and  national  secu¬ 
rity.  In  developing  this  strategy,  factors  to  consid¬ 
er  include: 

■  Time  frames.  Significant  changes  in  national 
energy  use  patterns  have  required  half  a  century 
or  more  (sec  figure  1-3).  This  is  due  in  large  part 
to  the  enormous  amount  of  infrastructure  that 
must  be  turned  over.  This  time  lag  poses  a  sig¬ 
nificant  problem  for  the  United  Stales  and  the 
world  should  a  rapid  transition  from  today's 
conventional  technologies  be  required  in  the 
future.  Laying  the  groundwork  for  such  a  tran¬ 
sition  is  an  important  component  of  national 
energy  policy. 

■  Energy  pricing.  Conventional  energy  systems 
have  a  variety  of  environmental,  economic,  and 
security  impacts  that  are  not  now  fully  incorpo¬ 
rated  in  energy  prices. 

■  RD&D  and  commercializarion.  RETs  vary 
considerably  in  their  level  of  deveU^pmenl  and 
may  require  policies  that  account  for  this  range 
of  maturity.  In  particular,  current  policies  do 
not  adequately  address  the  transition  from 
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BOX  1-6:  Funding  for  Research,  Development,  and 
Demonstration  of  Renewable  Energy  Technologies 


What  role  public  support  of  research,  development,  and  demonstration  (RD&D)  and  commercialization 
should  play  for  any  energy  supply  technology— fossil,  fission,  fusion,  or  renewables— is  a  critical  question, 
Public  support  for  a  particular  technology  may  be  justified  when  there  are  significant  public  benefits  that 
are  not  reflected  in  the  market  price  or  that  cannot  be  fully  captured  by  the  pioneering  company,  or  if  the 
technology  is  too  high  risk  or  long  term  for  private  Investment.  RET’s  public  benefits— environmental,  rural 
economic  development,  federal  budget  savings,  national  security-are  not  Incentives  for  private  RD&D 
funding.  In  addition,  the  smaller  companies  that  typify  the  renewable  energy  Industry  cannot  support  the 
long-term,  high-risk  RD&D  that  b  necessary  to  move  some  RETs  (e.g.,  photovoltaics)  Into  the  marketplace, 

RD&D— both  public  and  private-for  energy  supply  technologies  has  declined  over  the  past  decade, 
As  a  percentage  of  gross  domestic  product,  public  support  of  overall  energy  RD&D  has  declined  by  a 
factor  of  about  three  since  1978.  Industry  support  of  energy  RD&D  has  declined  by  a  factor  of  about  two. 
Restructuring  of  the  electricity  sector  may  also  be  shfting  private  funds  away  from  mid-  and  long-term 
RD&D  efforts,  such  as  renewable,  toward  very  short-term  projects.  Sectors  such  as  agriculture  (bioener¬ 
gy)  have  never  Invested  heavily  in  RD&D  due  to  their  highly  fragmented  nature,  public  support  has  played 
a  vital  role  in  the  development  of  U.S.  agriculture. 

Although  there  were  substantia!  gains  in  technical  performance  of  RETs  during  the  1980s,  while  federal 
RD&D  supports  were  low,  much  of  these  gains— such  as  in  the  wind  and  solar  thermal  Industries— were 
actually  driven  (infficiently)  by  industry  using  tax  credits  in  effect  to  support  RD&D.  With  the  sharp  reduc¬ 
tion  in  federal  and  state  tax  credits  in  the  mid-  to  late  1980s,  this  avenue  has  been  signficantly  closed.  In 
addition,  these  gains  resulted  in  part  from  exceptionally  large  pioneering  economies  of  scale  and  learning 
in  mass  production  and  field  operation,  and  by  easy,  one-time  transfers  of  technology  from  other  sectors  It 
Will  be  difficult  for  renewable  energy  firms  to  repeat  the  successes  of  the  1980s  without  dedicated  RD&D, 
and  support  for  this  RD&D  Will  be  difficult  to  obtain  from  industry  sources. 

SOURCE  Off  Ice  of  Technology  Assessment,  1 995 


RD&D  to  large-scale,  low-cost  manufacturing 
coupled  with  large-scale  commercialization. 
Federal  policies  regarding  RETs  should  be  con¬ 
sidered  in  the  context  of  the  state,  local,  utility, 
and  other  efforts  already  under  way.  In  many  areas 
of  RET  policy — including  information,  incen¬ 
tives,  and  regulation — states,  localities,  and  utili¬ 
ties  are  often  more  active  than  the  federal 
government.  Renewable  energy  depends  on  the 
local  situation,  making  the  involvement  of  state 
and  local  organizations  more  important.  Any  fed¬ 


eral  efforts  would  be  most  effective  if  they  com¬ 
plemented  existing  efforts.  In  most  cases,  states 
and  utilities  would  welcome  federal  support  and 
assistance,  but  might  not  welcome  arbitrary  feder¬ 
al  preemption.  Since,  in  the  past,  such  state-local 
efforts  have  been  supported  in  part  with  funds  that 
are  now  in  most  cases  expired,  other  forms  of 
support  could  be  considered. 

Renewable  energy  has  significant  potential. to 
contribute  to  the  national  goals  of  economic  vital¬ 
ity,  environmental  quality,  and  national  security. 


*  ^The  Petroleum  Violation  Escrow  fund,  which  are  funds  collected  on  behalf  of  the  public  for  pre- 1 98 1  overcharges  (in  excess  of  regulated 
prices)  for  petroleum  products,  is  one. 
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The  extent  and  timing  of  renewable  energy  pcne- 
(ration  into  energy  markets  will  be  affected  by  the 
levels  of  support  provi  ded  for  the  research,  devel  - 
opment,  demonstration,  and  commercialization 
of  RETs.  Policies  will  be  most  effective  if  they 
take  into  account  the  widely  varying  characteris¬ 


tics  of  renewable  resources  and  differing  levels  of 
maturity  of  renewable  energy  technologies.  The 
policies  and  efforts  pursued  over  the  next  several 
years  will  significantly  influence  energy  use  and 
environmental  impact  during  the  21  st  century. 


Appendix  1-A: 

National 
Energy  Use  and 
Renewable  Energy 

Total  U.S.  energy  use  in  1993  was  88  exajoules  (EJ  or  84 
quads — see  appendix  A  at  the  back  of  this  report  for  a  dis¬ 
cussion  of  units  and  conversions).  Oil  accounts  for  about 
40  percent  of  current  energy  consumption,  followed  by 
natural  gas  and  coal  with  about  25  percent  each\see  figure 
1-A-l). 

Oil  is  used  primarily  in  transport;  gas  is  used  in  industry,  build¬ 
ings,  and  electricity  generation;^  and  coal  is  used  to  generate  elec¬ 
tricity  and  in  some  industrial  processes  such  as  steel  production. 

Electricity  is  supplied  by  coal,  nuclear,  hydro,  and  gas  and  is  used 
in  buildings  and  industry  (see  figure  1  -A-2).  Conversely,  build¬ 
ings  rely  primarily  on  electricity  and  gas;  industry  relies  on  all  of 
these  supplies,  depending  on  the  process;  ana  transport  is  almost 
entirely  dependent  on  oils 

National  energy  supply  and  demand  is  undergoing  continual 
change.  Energy  supplies  shift  with  resource  availability  and  cost; 
energy  end-uses  shift  with  technology  advances  and  market  de¬ 
mands;  and  overall  energy  supply  and  demand  shift  with  national 
economic,  environmental,  and  regulatory  considerations.  Eco¬ 
nomic  growth,  which  is  also  a  function  of  changing  demograph¬ 
ics  (population  growth  creates  new  demands)  and  productivity, 
creates  new  demands  for  energy  services,  but  energy  use  can  grow 


•U.S.  Department  of  Energy,  Energy  Infonnation  Admin  nHT^iion,  Annual  Energy  Re ^ 
view,  1993,  USDOE/EIA-0384(39)  (Washington.  DC:  July  1994).  pp.  9.  165,  199.  215. 

^Notc  that  all  elecmcuy  values  are  given  here  in  terms  of  their  primary  thermal  energy 
equivalents  using  a  conversion  factor  of  33  percent. 

^Note  that  natural  gas  for  transport  is  used  primarily  in  compressors  for  pumping  natu¬ 
ral  gas  through  pipelines  to  end  users. 
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FIGURE  1-A-1:  U.S.  Energy  Supply  and  Use,  1993 


SOURCE  U  S  DepartmentofEnergy,  Energy  Information  Administration,  An.nr/ar  Energy  Rewevv,  1993,  USDOE/EiA-0384(93)  (Washington  DC  July 
1994),  pp  9  165,  199,  215 


either  faster  or  slower.  Important  factors  shaping 
U.S.  energy  use  include: 

•Energy  efficiency.  The  energy  intensity  of  the 
U.S.  economy  declined  30  percent  between  . 
1970  and  1990,  from  29  megajoules 
(MJ)/$GNP  to  20.6  MJ/$GNP  due  to  efficiency 
gains  and  other  factors"  (see  figure  1  -A-3). 


These  gains  greatly  slowed  the  expansion  of  the 
U.S.  energy  supply  infrastructure  during  this 
period.  More  recently,  energy  use  has  grown. 
Electricity  intensity.  The  economy  has  become 
more  electricity  intensive,  even  while  the  total 
energy  intensity  per  unit  GNP  has  declined  (see 
figure  1  -A-3).  The  electricity  sector  share  of 


Department  of  Energy,  Energy  Infonmtion  Administration,  Annual  Energy  Review.  1990,  DOE*  El  A  *038 4(90)  (Washington,  DC: 
Vlay  1991).  table  8:  and  U.S.  Congress.  Office  of  Technology  Assessment,  Energy  Use  and  she  U.S.  Economy  (Washington,  DC:  U.S.  Govern¬ 
ment  Printing  Office,  June  1990). 
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FIGURE  1-A-2:  Electricity  Supply  by  Resource  and  End  Use,  1993 
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SOURCE:  U  S  Depa-tfrie^t  cl  Energy.  Energy  \r.\ormaVort  AdrutniSUaVvon .  Annual  Energy  Rev/ew.  ^993  !JSDOE/ElA-G384(93,)  (VVasn  ngton.  DC  Ju’y 
1994) 


U.S.  energy  consumption  has  increased  from 
25  percent  in  1970  to  36  percent  in  1990  and  is 
expected  to  increase  further  to  roughly  42  per¬ 
cent  by  2010.' 

•  Environmental  concerns.  Environmental  con¬ 
cerns  have  become  increasingly  important  at  all 
levels.  For  example,  the  Clean  Air  Act  Amend¬ 
ments  of  1990  tightened  various  emission  lim¬ 
its  for  vehicles  and  utilities.  Some  29  states 
now  require  or  are  considering  inclusion  of  en¬ 
vironmental  externalities  in  utility  resource 
selection  or  rale-setting.  Concerns  about  global 
warming  and  a  variety  of  other  environmental 
problems  have  also  resulted  in  several  interna¬ 
tional  agreements,  including  the  Framework 
Convention  on  Climate  Change. 

Renewable  energy  technologies  can  contribute 
to  U.S.  needs  across  every  sector.  Biomass  energy- 
resources  can  be  used  to  generate  heat  for  industry. 


electric  it  y,  or  liquid  or  gaseous  fuels  for  transport. 
Geothermal  energy  can  be  used  to  generate  elec¬ 
tricity  or  for  heating.  Solar  energy  can  be  used  di¬ 
rectly  for  thermal  applications  such  as  heating, 
cooling,  or  lighting  homes  and  offices,  or  it  can  be 
used  to  generate  electricity  or  ultimately  hydro¬ 
gen.  Wind  energy  can  be  used  to  generate  elec¬ 
tricity  or  for  direct  mechanical  drive.  These 
applications  are  detailed  in  chapters  2  jugh  5. 
Thus  renewable  energy  can  become  a  very  impor¬ 
tant  part  of  the  U.S.  energy  system,  contributing 
simultaneously  to  all  U.S.  energy  goals:  economic 
vitality,  environmental  quality,  and  national  se¬ 
curity. 

1  Economic  Vitality 

Cost-effective,  reliable  supplies  of  energy  are  crit¬ 
ical  for  a  well-functioning  economy.  Fossil  fuels 
are  readily  available  and  low  in  cost  at  the  present 


5 Information  Administration,  ibid.,table4;  and  U.S.  Department  of  Energy,  Energylnformation  Administration,  Annwa/  Energy 
7992.  DOE^EIA-0383(92)  (Washington,  DC:  January  1992). 
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Electricity  Intensity,  1950-2010 
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NOTE  U  S  energy  use,  energy  Intensity  (energy  dtvided  by  economy),  and  electricity  intensity  (electricity  divided  by  economy) 
changed  course  significantly  in  the  mid-1970s  following  the  01 1  embargo  and  as  structural  changes  accelerated  in  the  electricity 
sector  and  the  economy  Before  1974,  energy  use  was  growing  in  tandem  with  the  economy  and  electricity  use  was  growing  some¬ 
what  faster  After  the  mid-  1970s,  energy  use  substantially  leveled  off,  while  electricity  use  Increased  at  slightly  more  than  the  rate 
of  economic  growth  The  Energy  information  Administration  projects  that  energy  usewill  continue  to  grow  more  slowly  than  the  econ¬ 
omy  for  the  next  decade  and  a  half,  and  that  electricity  use  Will  decline  as  a  fraction  of  the  economy 

SOURCES  U  S  Department  of  Energy,  Energy  Information  Administration,  Annual  Energy  Review,  1993,  USDOE/EIA-0384(93) 
(Washington,  DC  July  1994),  and  U  S  Department  of  Energy,  Energy  Information  Administration,  Annual  Energy  Outlook,  1995, 
DOE/EIA-0383(95)  (Washington,  DC  January  1995) 


time,  and  have  a  well-developed  infrastructure  to 
support  their  use.  Oil  imports,  however,  now  cost 
about  $45  billion  per  year,  equivalent  to  roughly 
half  of  the  total  U.S,  international  trade  deficit. 
Further,  the  Energy  Information  Administration 
(EIA)  projects  that  natural  gas  and  oil  prices  may 
increase  over  time  as  resources  decline  and  mar¬ 
kets  tighten‘d  (see  figure  l-A-4),  although  there  is 
much  disagreement  over  the  timing  and  magni¬ 
tude  of  possible  price  increases.  Coal  prices,  how¬ 
ever,  are  expected  to  increase  only  slightly  in  the 
near  to  mid-term  as  there  is  a  large  resource  base  in 
the  United  States,  but  longer  term  costs  could  be 
affected  by  environmental  considerations. 

In  contrast,  in  most  cases  the  cost  of  renewable 
energy  is  expected  to  decrease  over  time  with  fur¬ 


ther  research,  development,  and  demonstration 
(RD&D)  and  improvements  in  production.  This 
would  significantly  expand  the  current  range  of 
cost-effective  uses  of  RETs,  providing  net  eco¬ 
nomic  benefits.  Further,  domestically  produced 
renewable  fuels  can  potentially  offset  some  oil  im¬ 
ports.  Rural  communities  that  produce  renewable 
energy — particularly  biomass-could  receive 
significant  employment  and  income  benefits  (see 
chapter  2),  helping  offset  possible  income  losses  if 
other  federal  supports  in  the  agricultural  sector  are 
reduced. 

International  trade  is  another  area  where  RETs 
can  contribute  to  the  nation’s  economic  vitality. 
The  United  States  is  already  exporting  some 
RETs,  including  70  percent  of  U.S.  photovoltaic 


of  Energy,  Information  Administration:  Annual  Energy  Review.  I  W.Kex^ort  US  DOFJEI A -0384(93  j  (Wash¬ 

ington,  DC:  July  1994);  and  Annual  Energy  Outlook J 995,  Kegoii  DOE/E1A-0383(95)  (Washington,  DC:  January  199.5). 
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FIGURE  1-A-4:  Historical  and  Projected  Fossil  Fuel  Prices 
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SOURCE  U  S  Department  of  Energy  Energy  Infomriatlon  Administration  Annual  energy  Review  1993  USDO/EIA  0384(93)  (Washington  DC  July 
1 994)  and  U  S  Department  of  Energy  Energy  Information  Administration  Annua/  Energy  Out/ook  1995  USDOE/  E!A-0383(95)  (Washington  DC 
January  1995) 


production  in  1993.  RETs  are  often  the  most  cost- 
effective  and  reliable  means  of  providing  energy 
in  rural  areas  of  developing  countries.  Overall 
capital  investment  in  the  electricity  sector  in  de¬ 
veloping  countries  is  about  $  100  billion  per  year; 
RETs  could  account  for  a  significant  fraction  of 
this  market  in  the  mid-  to  long  term.  Further,  these 
RETs  have  important  strategic  value  in  these  mar¬ 
kets  as  they  can  help  leverage  the  sale  of  a  wide 
range  of  end-use  technologies,  including  commu¬ 
nications,  information,  lighting,  appliances,  and 
electric  motors.  Thus,  international  trade  in  RETs 
and  related  end-use  equipment  could  become  very 
large.  Those  countries  that  can  capture  interna¬ 
tional  markets  will  create  significant  numbers  of 
jobs  at  home.  Competition  for  these  markets  be¬ 
tween  U.  S..  European,  and  Japanese  firms  is  al¬ 
ready  intense  (see  chapter  7). 


I  Environmental  Quality 

The  extraction  and  use  of  fossil  energy  imposes  a 
variety  of  environmental  burdens,  including  min¬ 
ing  wastes,  oil  spibs,  urban  smog,  acid  rain,  and 
the  emission  of  greenhouse  gases.  The  location, 
magnitude,  and  costs  of  these  impacts  depend  on 
many  factors,  including  the  particular  fossil  re¬ 
source  and  the  extraction  and  conversion  technol¬ 
ogies  used.  For  some  environmental  impacts, 
such  as  the  extinction  of  species  or  global  warmi¬ 
ng,  no  monetary  value  can  realistically  be  placed 
on  them.  Although  some  RETs  such  as  hydropow¬ 
er  can  have  large-scale  environmental  impacts,  the 
low  environmental  impacts  of  most  RETs  make 
them  of  particular  interest  today.  For  example, 
table  1  -A-1  shows  one  example  of  the  relative 
emissions  of  various  electricity  generation  cycles 
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TABLE  1-A-1:  Total  Fuel-Cycle  Emissions  for  Electricity  Generation 


Electricity 

Carbon 

Nitrogen 

Trisodium 

Nuclear 

source 

dioxide 

oxide 

Sulfur  oxide  phosphate 

waste 

Metric  tonnes/GWh 


Coal  boiler 

1,000 

30 

30  . 

1.6 

NA 

Natural  gas 
turbine 

500 

NA 

Nuclear 

8.0 

003 

003 

0.003 

3,6 

Photovoltaics 

50 

0.008 

002 

0.02 

NA 

Biomass 

Small 

06 

02 

05 

NA 

Geothermal 

570 

TR 

TR 

TR 

NA 

Wind 

70 

TR 

TR 

TR 

NA 

Solar  thermal 

36 

TR 

TR 

TR 

NA 

Hydropower 

30 

TR 

TR 

TR 

NA 

KEY  NA=not  applicable,  TR  -trace 
NOTE  Values  have  been  rounded  off 

SOURCE. industn  Journal,  VOl.  1 ,  No  3, 1990,  pp.  17  as  adapted  from  U  S  Department  of  Bner^nvironmental 
Emissions  from  Energy  Technology  Systems  The  Total  Fuel  Cycle  (Washington,  DC  1989) 


and  the  very  low  emissions  possible  from  particu¬ 
lar  RETs. 

I  National  Security 

Energy-related  national  security  has  primarily 
been  viewed  in  terms  of  U.S.  dependence  on  for¬ 
eign  oil.  The  United  States  currently  imports 
about  45  percent  of  the  petroleum  it  consumes, 
and  according  to  EIA,  these  imports  are  projected 
to  grow  steadily  in  coming  years  (see  figure 
l-A-5  ).7  Renewable  fuels  coupled  with  advanced 
vehicle  technologies  have  the  potential  to  offset  a 
significant  portion  of  these  fuel  imports  for  trans¬ 
port  while  reducing  environmental  impacts  (see 
chapter  4).  An  additional  consideration  is  that  the 
use  of  RETs  in  developing  countries  can  promote 
economic  growth  and  contribute  to  political  sta¬ 
bility,  with  corresponding  benefits  for  U.S.  na¬ 
tional  security. 


FIGURE  1-A-5:  Oil  Production,  Consumption,  and 
Imports,  1970-2010  (million  barrels  per  day) 


SOURCE.  U  S.  Oepafiment  cf  Energy.  Energy  Infofrt^ahon  Administra¬ 
tion,  OuVook.  1 995.  USDOE/EIA-0383(95)  (Washington. 

DC.  January  1995). 


^Energy  Informalion  Adminisiraiion.  Annual  Energy  Outlook,  1994,  ibid 
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The  agricultural  sector  has  the  potential  to  produce  large 
quantities  of  renewable  energy  in  the  form  of  bioenergy 
crops,' which  can  be  converted  to  electricity,  heat,  or  liq¬ 
uid  or  gaseous  fuels.  *  Producing  these  crops  can  poten¬ 
tially  improve  the  environment,  increase  rural  incomes,  reduce 
federal  budget  expenditures,  and  reduce  the  U.S.  trade  imbalance. 
To  realize  this  broad  potential  will  require  continuing  research, 
development,  demonstration,  and  commercialization  efforts.  It 
will  also  require  considerable  planning  and  coordination  because 
of  the  numerous  issues  that  bioenergy  crops  impact.  Haphazardly 
implementing  large-scale  bioenergy  programs  without  a  suffi¬ 
cient  foundation  could  damage  the  environment  and  reduce  po¬ 
tential  economic  benefits. 

I  What  Has  Changed? 

Bioenergy  cropping  has  advanced  significantly  since  1980.  More 
than  100  woody  species  and  25  grassy  species  have  been  ex¬ 
amined  by  Oak  Ridge  National  Laboratory  and  others  for  their 
suitability  as  energy  crops;  six  species  of  woody  crops  and  one 
specie  of  grassy  crop  were  selected  as  models  for  intensive  devel  - 


'Much  of  the  discussion  here  might  also  be  applied  to  the  forestr)'  sector.  Because  of 
certain  differences  between  the  agrk  uUural  and  forestry  sectors  in  environmental  consid¬ 
erations,  economic  and  budget  impacts*  market  challenges,  and  policy  issues,  however, 
ihe  focus  here  is  limited  to  the  agricultural  sector.  Future  work  should  consider  extending 
the  analysis  to  the  forestry  sector. 

•Only  lignoccllulosic  energy  crops  such  as  trees  and  grasses  arc  discussed  in  this 
chapter. 

^Scc  chapters  4  and  5  for  a  discussion  of  technologies  for  converting  bioenergy  crops 
:o  useful  fuels  and  electricity. 
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FIGURE  2-1;  Potential  Energy  Crops  and  Regions  Applicable  in  the  United  States 
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SOURCE,  Oak  Ridge  Nationai  laboratory,  n  d. 


opment/ Advances  in  genetic  engineering  and 
breeding  techniques  have  allowed  rapid  improve- 
ments  in  crop  productivity,  with  biomass  yields 
increasing  50  percent  and  more  over  this  period 
for  the  two  principal  crops,  poplar  and  switch- 
grass,  on  which  detailed  work  has  been  done;^ 
Methods  of  establishing  and  maintaining  these 
crops  have  also  been  developed  and  improved.  In 


the  1970s,  short  rotation  woody  crops,  which  can 
be  harvested  repeatedly  and  regrown  from  the 
stump,  Vere  little  more  than  a  scientific  curiosity. 
Today,  they  are  in  commercial  use.  For  example, 
more  than  25,000  hectares  (62,000  acres)  of  hy  - 
brid  poplars  have  been  established  in  the  Pacific 
Northwest  for  pulp  (paper)  and  energy  use.  The 


Xynn  Wright,  Oak  Ridge  National  Laboratory,  personal  communication,  Apr.  7, 1994. 

^Anthony  communication,  Mayll.1^^^4. 

^With  the  current  rapid  pace  crop  improvement,  replanting  may  .sometimes  be  preferable  to  regrowth  in  order  to  realize  higher  yields  with 
new  crop  strains. 
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BOX  2-1:  National  Policies  That  Influence  the  Use  of  Energy  Crops 


Several  national  policies  reflect  the  growing  interest  In  bloenergy,  A  variety  of  excise  tax  and  other  ex¬ 
emptions,  tax  credits,  and  other  supports  are  available  at  both  the  federal  and  state  levels.  Some  federal 
incentives  for  bioenergy  are  listed  in  table  2-1. 

Recent  legislation  related  to  bioenergy  includes 

m  The  1988  Alternative  Motor  Fuels  Act  encouraged  the  use  of  methanol,  ethanol,  and  natural  gas  trans¬ 
port  fuels 

■  The  Clean  Air  Act  Amendments  of  1990  limited  sulfur  emissions  from  powerplants  (potentially  benefiting 
bloenergy  because  It  contains  little  sulfur),  set  requirements  for  the  use  of  oxygenated  fuels  (potentially 
benefiting  ethanol  and  methanol  production — ^see  chapter  4),  and  established  credits  for  the  use  of  re¬ 
newable  energy, 

■  The  Energy  Policy  A*^  of  1992  established  federal,  state,  and  private  light-duty  vehicle  fleet  mandates 
for  the  L.  e  of  alternative  fuels,  a  variety  of  tax  exemptions  and  credits  for  alternate  fuel  vehicles  (in¬ 
cluding  electric  vehicles),  and  a  1  50/kWh  credit  for  closed-loop,  biomass-fired  electricity  generation 

Finally,  the  United  States,  along  with  153  other  nations,  signed  the  United  Nations  Framework  Conven¬ 
tion  on  Climate  Change  at  the  Riode  Janeiro  “Earth  Summit”  in  June  1992,  and  the  U.  S.  Senate  ratified  it  in 

October  1992  This  Framework  Convention  established  the  objective  of  stabilizing  “greenhouse  gas  con¬ 
centrations  in  the  atmosphere  at  a  level  that  would  prevent  dangerous  anthropogenic  Interference  with  the 

climate  system  “  The  Climate  Change  Action  Plan,  announced  in  October  1993,  has  the  goal  of  returning 

“U  S.  greenhouse  gas  emissions  to  1990  levels  by  the  year  2000  with  cost  effective  domestic  actions  “ 
Bloenergy  can  potentially  play  a  significant  role  in  providing  energy  with  little  or  no  net  greenhouse  gas 
emissions 

SOURCE  Off  Ice  of  Technology  Assessment  1995 


costs  of  such  energy  crops  are  declining  to  the 
point  of  being  competitive  as  energy  resources, 
and  a  variety  of  these  crops  ca  i  be  grown  across 
the  United  States,  depending  on  the  region  and  cli¬ 
mate  (figure  2-1  ). 

Bioenergy  conversion  technologies  have  also 
advanced  significantly  over  the  past  two  decades. 
Roughly  8,000  megawatts  (MW)  of  bioenergy  - 
fueled  electricity  generating  capacity  is  currently 
connected  to  the  electricity  grid,  compared  with 
less  than  200  MW  in  1979;  additional  bioelectric 
capacity  is  operated  offgrid.^New  classes  of  effi¬ 


cient  bioelectric  technologies  are  emerging  that 
can  help  make  biomass  competitive  over  a  wider 
range  of  conditions  (see  chapter  5).  Similarly,  sig¬ 
nificant  advances  have  been  made  in  converting 
biomass  to  liquid  fuels  such  as  ethanol  and  metha¬ 
nol  (chapter  4),  For  example,  the  cost  of  convert¬ 
ing  cellulosic  biomass  to  ethanol  has  declined 
from  $3.60/gallon  ($0.95/liter)  in  1980  to 
$L20/gallon  ($0.32Aiter)  in  1993/Several  na¬ 
tional  policies  now  encourage  greater  use  of 
bioenergy  resources  (see  box  2-1  and  table  2-1), 


"in  compiirison.  total  U  S.  electricity  generating  capacity  was  about  7(X),000  MW  in  1992.  American  Solar  Energy  StKieiy,  Pro^resf:  in 
Solar  Encr^iy  Technologies  and  Applications  (Boulder,  CO:  January  1994).  p.  36. 

are  based  on  1990  dollars.  S.R.  Venkateswaran,  Finergelics  Inc.,  and  John  Brogan,  U.S.  Department  of  Energy,  personal  communica¬ 
tion.  May  12.  1994. 
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TABLE  2-1 :  Selected  Federal  Incentives 
for  Biomass  Energy 

Exempllon  from  excise  taxes  on 
motor  fuels 

5.  40/gal 

Alternative  fuels  production  tax  credit 

$5, 35/barrel 

Tax  credit  for  ethanol  fuels 

540-6Ot^/gal 

Credit  for  small  ethanol  producers 

100/gal 

Electricity  production  credit  for 
closed-loop  biomass  systems 

1.50/kWh 

Income  tax  deduction  for  alcohol 

$2,000 

fuel-powered  vehicles  (maximum) 

deduction 

SOURCE'  Saiv?irore1-a^7.or},  Congress‘or('^l  Rei'.t'5<nr;h  Service,  ‘reder' 
a! Tax  iocer •J:ves *or  3'.o'’t’adS>  Energy  Irdud-n-g  Provisions  »n ttie  Enetgy 
Po 'Cv  Aci  0^  19^^?  '  n  cl. 


I  Potential  Roles 

Biomass  is  an  already  stored  form  of  solar  energy 
and  so  can  be  used  to  generate  electricity  as  need¬ 
ed,  rather  than  as  available  as  is  the  case  for  wind 
and  solar  energy.  Biomass  may  therefore  play  an 
important  role  in  the  electricity  sector,  providing 
baseload  and  load  following  capabilities  (see  box 
5-2),  complementing  intermittent  generation  by 
wind  and  solar  systems  (see  chapters  5  and  6).  It 
can  be  burned  directly  to  provide  industrial  or 
commercial  process  heat  or  space  heat  for  build¬ 
ings  (chapter  3).  Liquid  fuels' from  biomass  offer 
a  relatively  high-energy-density,  ‘"high-perfor¬ 


mance  alternative  to  imported  petroleum  for  pow¬ 
ering  transport  (see  chapter  4). 

I  Principal  Themes 

Five  broad  themes  are  addressed  in  this  chapter:  1  ) 
the  potential  supply  and  cost  of  bioenergy;  2)  the 
potential  environmental  impacts  of  large-scale 
bioenergy  production;  3)  the  potential  economic 
impacts  of  bioenergy  production;  4)  research,  de¬ 
velopment,  and  demonstration  (RD&D)  needs 
and  market  challenges  in  commercializing  bioen  - 
ergy  prroduction  and  conversion  technologies;  and 
5)  policy  issues  associated  with  further  develop¬ 
ment  of  bioenergy. 

BIOENERGY  SUPPLIES 

Bioenergy  resources  include  agricultural  and  for¬ 
estry  residues  (see  figure  2-2),  animal  waste,  mu¬ 
nicipal  solid  waste,  and  dedicated  energy  crops. 
Residues  and  wastes  are  often  collected  at  central 
sites,  such  as  agricultural  processing  plants,  pulp 
and  paper  mills,  animal  feedlots.  or  municipal 
waste  dumps;  their  use  for  energy  may  then  be 
very  cost-effective,  particularly  as  an  alternative 
to  trucking  them  away  for  disposal.  Although  lim¬ 
ited  in  quantity,  these  are  the  primary  bioenergy 
resources  now  used  (table  2-2).  For  large-scale 
energy  use,  dedicated  energy  crops  are  necessary 
and  are  the  focus  of  this  chapter. 


‘^Biomass  can  also  be  gasified  to  produce  hy<Uagen  for  fuel. 

‘•^Methanol  and  ethanol  have  energy  densities  of  17  nicgajoulcv liter  (Mid)  {6J,(KXJ  Btu'gal)  and  22  MJ/l  {80.(KK)  Btu/gal)  respectively, 
compared  with  gasoline's  energy  density  of  .M  MJ/I  (l22.tKK)  Blivgal)  on  a  higher  heating  value  basis,  (See  appendix  A  for  unit  conversion 
factors.)  The  fuel  efficiencies  of  ethanol  and  methanol  can  be  somewhat  higher  than  gasoline  in  internal  combustion  engines  and  are  potentially 
much  higher  in  advanced  vehicle  technologies  such  as  fuel  cells.  Higher  cfnciencies  can  offset  pan  or  all  of  the  impact  of  lower  energy  densities 
oti  vehicle  range.  In  contrast,  gaseous  fuels  such  as  methane  (natural  gas)  and  hydrogen  have  much  lower  energy  densities,  even  in  pressurized 
cylinders.  See  chapter  4  for  details. 

^’For  a  discussion  of  biocnergy  from  agricultural  and  forestry  residues,  animal  waste,  municipal  solid  waste,  and  other  sources,  see  the 
following:  IJ.55.  Congress,  Office  ofTechnology  Assessment,  OT'A-lv  124 (Washington,  DC:  U.S.  Oovem 

ment  Priming  Office.  July  l980);£n<T^'yyrom  HuflofficaJ  PrmessLw:  Vohmitffl — Technical  and  Envirotwienml  Analyses.OTA'ElZ^i  {Scpivm- 
her  1 98f}};  £;;cr.i?y  from  Biological  Processes:  Volume  ///  -  Part  A:  Pnerfiy/rom  Wood  (September  1 980):  Enerityfrom 

Prorcsses:  Volume  III  Appendixes  Port  C:  Select  Conxersum  Teehnolofiies  and  End  Use  (.September  1980),  and  Eocin^  America's  Trash: 
What  Next  for  Mutueipal  Solid  Waste,  OTA  0-424  (October  1989).  .Mso  .see  K.H.  Lee  el  al.,  BUmuiss  State -of-ihe-Art  A.ue.v.vwertf,  Report 
GS-7471. 2  volume.s  (Palo  Alio,  CA:  F.lectric  Power  Research  Institute,  September  1991). 
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FIGURE  2-2:  Supply  Curve  for  Whole  Tree  Chips 
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NOTE  Biomass  supplies  from  conventional  wood  sources  (whole  tree 
chips,  logging  residues,  mill  resdues,  and  others)  are  estimated  to  be 
from  13  EJ  (1  2  quads)  at  $2/GJ  ($2  10/MBtu)  up  to  56  EJ  (5  3  quads) 
at  $5/GJ  ($5  25  MBtu)  Most  mill  residues  shown  as  part  of  this  supply 
curve  are  already  used  for  energy  The  estimates  for  whole  tree  chips 
were  made  in  the  mid-  1 980s  and  more  strict  environmental  rules  and 
scrutiny  may  lead  to  decreased  availability  of  this  resource  Excluded 
from  these  supplies  isfuelwood  used  in  the  residential  sector,  which 
amouted  to  about  O  8  EJ  (O  75  quads)  in  1990 
KEY  EJ  =  exajoules  (1  EJ  =  O  948  quads)  GJ  =  gigajoules  (1  GJ  = 
0948  mllion  Btu) 

SOURCE  Anthony  FTurhollow  and  Steve  M  Cohen,  Oak  Ridge  Nation¬ 
al  Laboratory  Data  and  Sources  Biomass  Supply,  "  draft,  Jan  28, 
1994 


Bioenergy  crops  include  annual  row  crops  such 
as  corn  and  sorghum,  perennial  grasses  (herba¬ 
ceous  energy  crops,  or  HECs)''such  as  switch- 
grass,  and  short  rotation  woody  crops  (SRWCs) 
such  as  poplar  and  willow,  '^HECs  are  analogous 
to  growing  hay,  with  the  crop  harvested  for  energy 
rather  than  for  forage,  SRWCs  typically  consist  of 
a  field  of  closely  spaced — 2  to  3  meters  (2  to  3 
yards)  apart  on  a  grid-trees  that  are  harvested  on 
a  cycle  of  three  to  10  years.  After  harvest,  HECs 
regrow  from  the  remaining  stubble  and  SRWCs 
regrow  from  the  remaining  stumps.  Such  harvest¬ 
ing  may  continue  for  10  to  20  years  or  more  with¬ 
out  replanting;  fertilizer,  other  inputs,  and 
maintenance  may  be  required  more  regularly, 
however.  HECs,  because  they  are  grown  like  for¬ 
age  crops,  may  be  grown  by  farmers  with  only 
modest  changes  in  farming  practices.  SRWCs  use 
conventional  farm  equipment  for  site  preparation 
and  weed  control,  but  they  require  specialized 
equipment  for  harvest.  ‘^Only  HECs  and  SRWCs 
are  considered  here  for  energy  cropping,  ‘^Typical 
growing  regions  for  selected  energy  crops  are 
shown  in  figure  2-1. 

The  conversion  of  sunlight  to  biomass  energy 
is  an  infficient  process  typically  with  an  efficien¬ 
cy  of  less  than  1  percent  under  field  condi- 


''HECs  are  typically  grasses  (e.g.,s\virchgrass,  big  blucstem,  intennediate  wbeatgrass,  tall  fescue)  that  are  planted,  maintained,  and  har¬ 
vested  like  hay.  Grasses  such  as  these  are  currently  used  in  the  Conservation  Reserve  Program  to  provide  erosion  control  and  wildlife  habitat. 
These  crops  regrow  from  their  roots  and  stubble  and  require  replanting  only  every  10  or  more  years.  Because  they  are  hay  crops,  they  can  be 
grown  by  farmers  with  only  modest  changes  in  farming  practices,  and  equipment  is  relatively  low  cost. 

"SRWCs  are  typically  hardwoods  (c.g..  poplar,  cottonwood,  sycamore,  silver  maple)  witli  planting  density  ranging  from  1  to 
trccs.'‘hectare  (650  to  2,000  trees/acre).  The  silvicultural  management  of  SRWCs  is  typically  more  intense  than  conventional  forestry,  but  less 
intense  than  conventional  agriculture.  To  obtain  good  yields  requires  site  preparation,  weed  control  during  the  first  two  years  after  establishment 
(before  canopy  clo.sure),  and  the  application  of  fertilizers.  These  operations  employ  conventional  agricultural  equipment.  Harvest  requires  spe¬ 
cialized  equipment.  Coppicing  (i.e.,  regrowth  from  the  stumps  after  harvest)  is  possible.  Currently,  some  SRWCs  are  grown  for  pulp. 

^'^Otherfx^ltotial  bioenergy  crops  include  microalgae. 

1 5 Such  equipment  leased  out  by  the  conversion  facility  purchasing  the  bioenergy  feedstock,  by  harvest  equipment 

vendors,  by  cooperatives,  or  through  other  arrangements. 

1  ^Annual  row  crops  used  for  energ.(.such  as  com)  arc  grown  in  essentially  the  same  manner  as  their  food  crop  counterparts  and  consequent¬ 
ly  offer  few  or  no  environmental  benefits  over  conventional  agricultural  practices,  For  this  reason,  they  are  not  examined  further  in  this  report. 
There  are  also  energy  crops  (often  annual  row  crops)  that  produce  starches,  sugars,  oils,  and  other  specialty  plant  products  for  energy.  National¬ 
ly,  however,  their  energy  production  potential  is  much  lower  and  their  costs  are  likely  to  be  higher  in  the  long  term  than  those  for  HECa  or 
SRWCS.  Consequently,  they  are  not  considered  further  in  this  report.  Some  of  these  crops  and  fuels,  such  as  biodiesel,  may  nevertheless  offer 
important  opportunities  and  have  potentially  valuable  roles  to  play. 
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TABLE  2-2:  U.S.  Biofuel  Production  and  Use,  1989 


Energy 

production 

Fuel  (in  exajouies) 


Wood 

2.6  EJ 

Industrial 

17 

Residential 

09 

Utility 

001 

Biofuels  from  waste 

036 

Municipal  solid  waste  combustion 

0  23 

Manufacturing  waste 

0.10 

Landfill  gas 

003 

Ethyl  alcohol 

0075 

Total 

3.04 

NOTE  EJ  -  exajouies,  1  EJ  -0948  quads 

SOURCE  U  S  Department  of  Energy  Energy  Information  Administra¬ 
tion  Esfimates  of  U  S  Biofuels  Consumption  1989  (Washington  DC 
April  1991  ) 

tions.  As  a  result,  biomass  must  be  collected  from 
large  areas.’’ For  example,  Producing  15  to  20  EJ 

(14  to  19  quads)  of  biomass  energy  annually 
would  require  energy  cropping  on  45  to  60  mill  ion 
hectares  (110  to  150  million  acres)  of  land,  if  a 
high  average  yield  is  assumed.  Sixty  million  hec¬ 
tares  (150  million  acres)  is  equivalent  to  roughly 
one-third  of  current  total  U.S.  cropland;  it  is  about 
1.7  times  more  than  the  36  million  hectares  (89 
million  acres)  of  cropland  currently  idled  through 
various  conservation  and  other  programs.  Crop 
productivity,  harvest,  handling,  and  transport  are 


therefore  important  determinants  of  overall  bioen¬ 
ergy  costs  and  key  areas  for  further  RD&D. 
Large  collection  areas  also  raise  the  specter  of 
land-use  conflicts:  fuel  versus  food,  fuel  versus 
wildlife  habitat,  and  others  (see  below). 

Estimates  of  potential  bioenergy  crop  produc¬ 
tion  typically  range  up  to  around  25  EJ/year  (24 
quads/year)  by  2030.  ’9  Projections  based  on  cur¬ 
rent  policy,  however,  are  that  nonliquid  biomass 
fuels  will  provide  4  to  8  EJ  per  year  (or  3.8  to  7.6 
quads/year)  in  2030,’" 

The  specific  land  used  for  enei'gy  crops,  how¬ 
ever,  may  in  some  cases  be  prime  cropland  rather 
than  currently  idled  or  marginal  lands.  The  use  of 
any  particular  pai*cel  of  land  will  depend  on  its 
highest  value  use  (food,  feed,  fiber,  or  fuel),  envi¬ 
ronmental  considerations,  market  access  and 
conditions,  and  other  factors.  For  example,  prime 
crop  land  near  a  powerplant  might  best  be  used  for 
producing  energy  crops  in  order  to  minimize 
transport  needs.  These  factors  will  be  determined 
by  the  respective  markets  operating  within  the 
agricultural  sector.  In  many  cases,  multiple  uses 
will  be  served. 

Although  producing  large  amounts  of  bioener¬ 
gy  will  thus  require  large  land  areas  (potentially 
greater  than  currently  idle  cropland),  some  argue 
that  additional  cropland  will  be  idled  by  produc¬ 
tivity  improvements  over  the  next  several  de¬ 
cades.  For  example,  in  the  Intenmediate  Future 
Scenario  of  the  Second  Resources  Conservation 
Act  (RCA)  Appraisal,  productivity  increases  are 


l7ThcKel^^r2cai'*!ascanconsi.sf  of  maUYSiuuU  patches,  depending  on  economic,  env  irorirttcmal.  and  other  considerations, 
i  *^Ohv  iou.sly  land  Prices  are  also  inipoilanl,  but  they  are  outside  the  range  of  issues  considered  here. 

! '^Additional  bitx'nergy  resources  are  available  from  other  .sources  such  as  municipal  solid  waste  and  agricultural  or  forestry  residues.  Low¬ 
er  or  higher  production  levels  are posjiible.  Various  estimates  are  given  by:  J.  W.  Rannc> and  J.H. Cushman,  “Energy  from  Biomass  ”  The  Enerf^y 
Sourcebook:  A  Guide  loTechnoUm.ResourceX  and  Policy.  Ruth  Howes  and  Anthony  Hainberg  (eds.  )  (New  York,  NY:  American  Institute  of 
Physics,  1991  );  and  Solar  Energy  Research  institute  et  al.,  The  Potenriid  of  Rencwcthle  Encri^y.'An  fnterlahoraiory  White  Paper,  SERI/ 
TP-260-3674  (Golden,  CO:  March  1990). 

*^Oak  Ridge  National  Laboratory,  Resource  Mtxleling  and  Technology  Economics  Group,  “Projections  of  Wood  Energy  Use  In  the  United 
States,”  draft,  July  2,  1990. 
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projected  to  allow  an  additional  46  million  hec¬ 
tares"' (114  million  acres)  of  current  cropland  to 

be  idled  by  2030  for  a  net  idled  capacity  of  64  mil¬ 
lion  hectares  (158  million  acres)  .22  In  addition, 
some  of  the  54  million  hectares  (  133  million 
acres)  of  pasture  or  other  lands  might  be  suitable 
for  energy  crops  (see  table  2-3). 

Alternatively,  some  have  recently  argued  that 
the  Uruguay  Round  under  the  General  Agreement 
on  Tariffs  and  Trade  (GATT),  the  North  American 
Free  Trade  Agreement  (NAFTA),  and  other  fac¬ 
tors  could  increase  the  demand  for  agricultural 
products  and  largely  absorb  lands  currently  idled 
through  various  agricultural  programs  in  the  near 
to  mid-term/"^  In  this  case,  energy  crops  would 
then  be  competing  more  directly  with  convention¬ 
al  agricultural  commodities,  and  the  market  pene¬ 
tration  of  energy  crops  would  depend  on  their 
relative  return  to  the  grower,  the  level  of  agricul¬ 
tural  supports  for  their  competitors,  the  credit  giv¬ 
en  for  their  environmental  benefits,  and  other 
factors.  In  the  longer  term,  it  is  not  known  how 
competition  for  use  of  this  land  to  produce  food, 
feed,  fiber,  or  fuel  might  evolve,  particularly  giv¬ 
en  technological  advances,  increasing  crop  pro¬ 
ductivities,  and  growing  agricultural  trade. 

Figure  2-3  illustrates  one  estimate  of  the  cost — 
for  planting,  maintenance,  harvest,  transport, 
etc.-of  bioenergy  as  a  function  of  crop  yield  and 
total  production  (see  box  2-2).  In  the  ^igh-yield 
case  of  18  dry  metric  tonnes/hectare  (8  tons/acre) 
per  year,  roughly  10  EJ  (9.5  quads)  of  biomass  are 
available  for  $2/GJ  ($2. 10/million  Btu — MBtu) 
or  less  and  17  EJ  (16  quads)  for  $3/GJ 


TABLE  2-3;  Major  Cropland  Usage,  1 992 

Crop 

Area  planted 
(million  hectares) 

Corn 

308 

Wheat 

259 

Hay 

25.5 

Soybeans 

235 

Other  small  grains 

77 

Cotton 

57 

Sorghum 

49 

Other  field  crops 

53 

Orchards 

20 

Vegetables 

1  6 

Total  active 

1329 

Idled 

138 

Short-term  set-aside 

77 

Long-term  set-aside 

142 

Total  cropland 

170.4 

Total  pastureland 

539 

Total  rangeland 

1644 

Total  agricultural  land 

3887 

NOTE  1  hectare  -247  acres 

SOURCE  Steven  Shafer  Air  Quality  Impacts  from  Agriculture  Biomass 
Production  and  Residue  Utilization  as  Energy  Feed  Stocks  report  pre 
pared  for  the  Off  Ice  of  Technology  Assessment  May  13  1993 

($3.15  /MBtu)  or  less.  In  compaiison,  the  low- 
yield  case  gives  essentially  no  biomass  fo  less 
than  $2/GJ  and  10  EJ  for  $3/GJ  or  less.  Thus,  costs 
are  quite  sensitive  to  crop  productivity,  reaffirm 
ing  the  importance  of  RD&D  into  improved  crop 
varieties  to  increase  yields  and  decrease  produc- 


•‘Ctilculated  b\  assuming  a  base  croplajid  area  of  1 70  md  I  Ion  hccUucs.  minus  the  36  million  hectares  currently  ullodand  the  esumaied 
tintornicdiaic  scenario)  XS  million  hectares  active!)  cropped  b\  2030.  See  U.S.  Department  of  Agriculture,  Second  RCA  Appraisti!:  Soil. 
iVWrer.anr/  Relmed  Resoumrs  on  Soni'fiieral  l.unfl  In  th'  IhiilCi}  Stnitw.  Analysis  of  Conditions  and  Ih'nds  ( Washington,  iX.':  U.S.  Govemmcnl 
Printing  Office,  June  19S9), figure 4,  p.  !0. 

^‘('ons  ersion  of  troplund  to  urban  uses  rcducCN  tlie  gross  ailable  area  from  S2  million  hectares  by  another  I R  million  hectares,  lca\  ing 
roughly  64  mi  II  ion  hectares  of  idled  cropland.  Total  poicniiallviu  ailable  idle  croplands,  not  including  losses  (o  urban  lAation.  are  estimated  at  30 
to  1 05  million  hectares  ( ibid.). 

-\See.e  g.,  U.S.  Department  of  Agriculture.  Office  of  Economics,  Economic  Research  Serv  ice,  Ejjectsof  Uru;^;wy  Hound  At^racment  on 
I i.S.  A^^riLuitural ConmuHlines  (Washington,  DC:  March  1994). 
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FIGURE  2-3:  Biomass  Supply  Curve  for 
Energy  Crops  on  Agricultural  Lands 
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NOTE  The  potential  supply  and  cost  of  energy  crops  grown  on  agricul¬ 
tural  lands  are  shown  The  low-yleid  case  assumes  an  average  produc¬ 
tivity  of  1 3.4  dry  metric  tonnes/hectare/year  (6  tons/acre),  the  high-yield 
case  assumes  an  average  productivity  of  179  dry  metric  tonnes/hect¬ 
are/year  (8  tons/acre)  These  productivities  are  believed  to  be  readily 
attainable,  particularly  in  the  Southern  United  States,  by  2020  or  sooner 
with  continued  RD&D  and  have  already  been  realized  in  a  number  of  ex¬ 
perimental  plots 

SOURCE  Burt  C  English  and  Anthony  Turhollow,  Department  of  Agri¬ 
cultural  Economics  and  Rural  Sociology,  University  of  Tennessee, 
Knoxville,  “Estimation  of  the  United  States  Potential  To  Produce  Biomass 
for  Energy,  2005  “  1 994 


(ion  costs.  This  comparison  also  suggests  that  the 
economics  of  bioenergy  crops  may  be  less  attrac¬ 
tive  on  lower  quality  land.^ 

These  estimates  are  preliminary.  The  unique  lo¬ 
cal  conditions  for  biomass  production,  detailed 
field  demonstrations,  and  commercial  purchase 
and  use  patterns  have  largely  not  been  rigorously 
evaluated.  Numerous  questions  remain  concern¬ 


ing  bioenergy  crop  management,  procurement, 
regulatory  constraints,  market  development, 
scaleup,  and  other  factors.  Nevertheless,  these 
preliminary  estimates  and  current  fieldwork  sug¬ 
gest  a  substantial  bioenergy  potential. 

In  comparison  with  the  bioenergy  crop  costs 
shown  in  figure  2-3,  current  wholesale  costs  of 
coal,  natural  gas,  and  oil,  respectively,  are  roughly 

$  1.30/GJ  ($1  .40/MBtu),  $3.70/GJ  ($3, 90/MB tu), 
and  $3  .00/GJ  ($3,  15/MBtu),  and  are  destined  to 
increase  over  time  (see  box  1-1  )."‘^Total  national 
energy  use  is  roughly  87  EJ  (83  quads),  of  which 
bioenergy  currently  accounts  for  roughly  4  per¬ 
cent,  or  about  3  EJ  (2.8  quads)  (see  appendix  1  -A). 
Thus  20  EJ  (19  quads)  of  bioenergy  would  be  a 
substantial  contribution  to  national  energy  needs. 

Some  of  this  bioenergy  could  potentially  be 
converted  to  fuels  for  transport,  which  would  re¬ 
duce  U.S.  dependence  on  imported  oil.  Unless 
coupled  with  very  aggressive  efforts  to  improve 
vehicle  fuel  efficiency,  however,  biomass  fuels 
will  not  be  sufficient  to  completely  displace  im¬ 
ported  oil  (see  chapter  4).  Alternatively,  biomass 
can  be  converted  to  electricity  (chapter  5). 


POTENTIAL  ENVIRONMENTAL  IMPACTS 

Intensively  cropping  large  areas  for  energy  inevit¬ 
ably  raises  concerns  about  potential  environmen¬ 
tal  impacts.  A  detailed  review  of  potential  soil, 
water,  air,  and  habitat  issues  by  the  Office  of 
Technology  Assessment  (OTA)  shows  that  the  net 
environmental  impacts  depend  on  the  previous 
use  of  the  land,  the^articular  energy  crop,  and 


crop  management. 


i^or  example,  as  a  substitute 


for  conventional  agricultural  row  crops  such  as 
corn  or  soybeans,  properly  managed  HECs  and 
SRWCs  can  help  stabilize  erosive  soils  and 


COun;e,  will  also  depend  on  whether  som, consideration  or  credit  is  given  biocnergy  crops  for  the  extent  to  which  they  provide 
environmental  or  otlier  benefits,  or  offset  other  subsidies  or  supports. 

2-^The  difference  in  cost  between  fuels  reflects  the  additional  processing  or  different  conversion  equipment  that  may  be  required,  depending 
on  each  case.  The  costs  are  substantially  lower  than  those  charged  to  the  final  consumer. 

Office  of  Technology  Assessment,  Potanfial  Environmental  Impacts  of  Bioenerj^y  Crop  Production+ -Background  Paper, 
OTA-BP-E-1  18  (Washington,  DC:  U.S.  Government  Printing  Office,  September  1993). 
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BOX  2-2:  Developing  Energy  Crop  Supply  Curves 


The  energy  crop  supply  curves  shown  in  figure  2-3  are  calculated  by  using  a  linear  programming  model 
of  the  U  S  agricultural  sector  called  the  Agricultural  Resources  Interregional  Modeling  System  The  model 
IS  currently  operated  from  the  University  of  Tennessee 

In  this  model  the  country  is  divided  into  105  crop  production  regions,  and  each  crop  production  region 
has  eight  land  quality  classes  Crops  Included  in  the  model  are  barley,  corn  grain,  corn  silage,  cotton, 
legume  hay  nonlegume  hay  oats,  sorghum,  sorghum  silage,  soybeans,  wheat,  and  the  energy  crops 
switchgrass  and  shorl-rotaton  hybrid  poplar  Grains,  silage  and  hay  also  serve  as  inputs  for  livestock- 
beef  hogs  and  milk  and  poultry  production  Switchgrass  serves  as  a  proxy  for  all  warm-season  thin  - 
stemmed  grasses,  and  hybrid  poplar  as  a  proxy  for  all  hardwoods  grown  on  a  short  (three-  to  12-year) 
rotation  using  agricultural-type  practices 

Land  available  for  crop  production  is  restricted  to  exsting  cropland,  and  cropland  avaiabillty  is  as¬ 
sumed  to  decrease  over  time  Demands  for  crops  and  livestock  for  food,  industrial  use,  and  export  are 
he'd  constant 

The  objectve  functon  of  the  model  is  to  minimize  the  cost  of  producing  food,  livestock  and  energy 
crops,  by  varying  the  type  and  quanity  of  crops  grown  in  each  region 

To  develop  a  supply  curve  energy  crop  production  levels  (after  losses  in  harvest  and  storage)  were 
varied  from  O  16  to  24  EJ  Supply  curves  were  estimated  for  two  energy  crop  national  average  yields,  134 
dry  metric  tonnes  hectare  (6  tons  ‘acre)  and  179  metric  tonnes/hectare  (8  tons  ‘acre),  before  losses  Esti¬ 
mated  losses  ranged  from  19  to  24  percent  National  average  yields  were  determined  by  modeling  energy 
crops  with  the  EPIC  (Erosion  Productivity  Index  Calculator)  model  and  setting  average  yields  across  all 
regions  and  land  quality  classes  Over  this  range  of  production,  delivered  prices  for  energy  crops  varied 
widely  from  $1 .  30/  GJ  ($1  37‘MBtu)  for  very  small  quantities  up  to  $7/GJ  ($7.40/l\/IBtu)  for  very  large  quanti¬ 
ties  At  higher  production  levels,  yields  make  a  significant  price  difference 

SOunC'l:  0‘  on  BoM  C  Hriqlisn artd  Ar*';iony  Turho-iOvV,  Depai ol  Agi jj/;!  f':.*ooom:c*5 

R;jr;:  SfvC  r^ooy.  ly  o?  TV:rT;S;'.Si:c  Kf-oxv  '(■  ry.  rhn  in  fod  PfOdjc;^  B 
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perhaps  act  as  filters  to  prevent  agricultural 
chemicals  and  sediments  from  reaching  water 
supplies  .'^They  may  help  provide  habitat  direct¬ 
ly  or  serve  in  buffers  around,  or  corridors  be¬ 
tween,  fragments  of  natural  forest,  wetlands,  or 
prairie.  (Such  habitat  benefits  will,  however,  also 
depend  on  the  particular  animal  species.  )  In  con¬ 
trast,  substituting  energy  crops  for  hay,  pasture,  or 
well-managed  Conservation  Reserve  Program 


lands  will  generally  have  r-nixed  environmental 
impacts,  both  positive  and  negative.  Positive  im¬ 
pacts  include  offsetting  fossil  fuel  use;  negative 
impucts  include  possibly  greater  use  of  agricultur¬ 
al  chemicals  and  habitat  disruption  during  har¬ 
vesting.  At  the  global  level,  when  grown  on  a 
closd-loop  basis, these  bioenergy  crops  would 
make  little  or  no  net  contribution  to  rising  levels 


‘To  serve  as  a  lilk’r  and  to  be  harvested  pcriodk.illy  tor  energy,  energy  erops  may  require  more  complex  and  earelul  managemeni  than  is 
typical  for  energy  crops  that  do  not  serve  such  demanding  inuUiple  junctions, 

foop  means  that  new  biomass  is  sroNvn  at  the  same  rate  at  ss  hich  it  is  harvested  lor  use  as  energy.  Tlius.  carbon  iliox  idc  will  be  taken 
up  by  new  plant  growth  at  lire  same  rate  that  it  is  released  by  using  the  harvested  biomass  lor  fuel. 
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Switchgrass  growing  near  Auburn,  Alabama  This  fast¬ 
growing,  high-ytetd  grass  can  be  harvested  once  or  twice 
each  year  over  many  years,  whale  its  deep  roots  help  protect 
soils  and  ground  water 

of  atmospheric  carbon  dioxide  (CO,) — a  key 
greenhouse  gas.^^ 

The  potential  environmental  benefits  of  energy 
crops  compared  with  conventional  agricultural 
row  crops  are  due  to  several  factors.  The  energy 
crops  considered  here  are  perennials;  agricultural 
crops  are  annuals.  Perennial  crops  require  tillage 
only  when  being  established — ^perhaps  every  10 
to  20  years — and  then  maintain  a  year-round  pro¬ 
tective  cover  over  the  soil.  This  greatly  reduces 
soil  erosion,  which  occurs  primarily  when  soils 
are  uncovered  during  heavy  storms,  and  can  re¬ 
duce  compaction  as  well  because  of  the  less  fre¬ 
quent  use  of  heavy  equipment  on  the  soil.  These 


energy  crops  also  have  the  potential  to  be  more  ef¬ 
ficient  in  the  use  of  fertilizers  (i.e.,  some  nutrient 
retention  and  cycling  occur  between  growing 
years  that  do  not  occur  with  annual  crops). 

The  overall  inputs  required  by  energy  crops  are 
generally  lower  than  in  conventional  agriculture 
for  several  reasons.  Energy  crops  often  have 
heavier  and  deeper  rooting  patterns  than  conven¬ 
tional  agricultural  crops,  which  allows  the  soil  to 
be  utilized  to  a  greater  depth  for  water  and  soil  nu¬ 
trients  and  provides  more  time  to  intercept  fertiliz¬ 
ers  or  other  agricultural  chemicals  as  they  migrate 
down  through  the  soil.  This  can  also  give  energy 
crops  greater  capacity  to  intercept  fertilizers  or 
other  agricultural  chemicals  flowing  from  adja¬ 
cent  areas.  This  capacity  may  make  energy  crops  a 
valuable  new  tool  in  addressing  certain  nonpoint 
water  pollution  problems;  further  research  on  this 
subject  is  needed.^" 

Heavier  rooting  also  puts  more  carbon  into  the 
soil  and  so  assists  in  creating  more  productive  soil 
conditions,  such  as  enabling  the  slow  continuous 
release  of  nutrients  or  the  binding  of  chemicals  so 
that  they  are  not  leached.^' Energy  crops  are  also 
selected  on  the  basis  of  their  production  of  cellu- 
losic  biomass,  which  consumes  less  input  energy 
(e.g.,  light)  per  unit  of  energy  stored  than  many 
specialty  plant  components. 

Finally,  energy  crops  can  provide  greater  struc¬ 
tural  diversity  especially  if  grown  in  polycul¬ 
tures  in  the  longer  term-than  conventional 
agricultural  crops,  which  emphasize  large  agricul¬ 
tural  blocks  devoted  to  a  few  monoculture  cash 
crops.  In  general,  the  more  complex  the  vegeta¬ 
tion  (with  many  species,  sizes,  shapes,  and  ages  of 


'*^CuricnUy,soirief(>‘isil  fuel— typically  S  to  15  percent  of  the  energy  value  of  the  biocncrgy  crop-'-isusetlin  the  form  of  agricultural  chemi¬ 
cals  or  diesel  fuel.  Fncrgy  crop  cycles  such  as  com  to  ethanol  have  much  lower  net  energy  production  and  consequently  higher  net  emissions  of 
c:irbf>n  dioxide  than  the  SRWC  and  HEC  crops  discussed  here  (see  ch.  4).  The  potential  contribution  of  biomass  energy  crops  to  other  green¬ 
house  gases,  such  as  methane  and  nitrous  oxide,  needs  to  be  examined. 

^'OfTice  of  Technology  Assessment,  op.  cit.,  ftx)tnote26. 

^  I  This  also  sequesters  additional  atmospheric  carbon,  thereby  slightly  slowing  the  increase  in  atmospheric  CO?  levels. 
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plants)  in  an  area,  the  more  complex  is  the  com¬ 
munity  of  animals — h,  g..  insects,^' spiders, 
birds, ""mammals'— that  it  will  support.  Con¬ 
versely,  as  vegetative  structure  is  simplified,  the 
community  supported  becomes  progressively 
poorer.  For  example,  the  number  of  insect  species 
in  typical  agricultural  ecosystems  such  as  corn  can 
be  half  that  found  in  pasture  and  one-third  to  one- 
tenth  that  found  in  deciduous  forests.'^  It  is.  in 
part,  the  structural  poverty  of  conventional  agri¬ 
cultural  monoculture  that  opens  an  opportunity 
for  using  energy  crops  to  improve  habitat  and  bio¬ 
logical  diversity  in  a  region. 

Properly  designed,  energy  crops  can  be  used  to 
manage  or  direct  the  regional  landscape  ecolo¬ 
gy— poten  :ally  serving  as  buffers  around  natural 
habitat,  as  corridors  between  fragments  of  natural 
habitat,  or  as  habitat  in  themselves,  How  effec¬ 
tively  the  energy  crop  serves  these  roles  depends 
on  the  particular  crop,  how  it  is  managed  (includ¬ 
ing  use  of  chemicals,  equipment,  and  harvesting 
cycle),  and  how  the  species  that  it  is  designed  to 
assist  actually  respond.  There  are  very  few  field 


data  on  which  to  base  conclusions  at  this  time;  fur¬ 
ther  research  is  required. 

Energy  crops  are  not,  however,  a  substitute  for 
natural  habHat.'^  Instead,  their  impact  depends  on 
the  particular  case.  In  terms  of  local  habitat  value, 
it  would  often  be  preferable  to  let  much  of  the 
idled  cropland  or  other  land  return  to  a  more  natu¬ 
ral  state.  Should  global  warming  occur  as  current¬ 
ly  projected,  however,  much  of  the  habitat  in  the 
United  States  and  elsewhere  may  be  subject  to  suf¬ 
ficiently  rapid  climate  change  that  the  species  and 
habitat  intended  to  be  protected  may  be  unable  to 
adjust  quickly  enough  for  the  ch  nged  c  urn- 
stances'*  (figure  2-4).  To  avoid  this  and  out  of 
more  general  concern  for  potential  global  warm¬ 
ing,  it  may  be  preferable  to  use  idled  cropland  to 
produce  greenhouse-gas-neutral '^biomass  ener¬ 
gy.  Energy  crops  are  therefore  of  particular  inter¬ 
est  to  the  extent  that  they  can  be  designed  as  a 
compromise  between  local  habitat  concerns  and 
greenhouse  gas  concerns  with  global  habitat  im¬ 
plications. 


Strong  cl  al..  In.secis  on  Platm  (Oxford.  England;  Blackwell  Scientific  Publications.  1984). 

Halley  and  J.A.  MacMulion.  “Spider  Community  Organization:  Seasonal  Variation  and  the  Role  of  Vegetation  Architecture,” 
ronmenral  EnromoIofiy\  vol  9. !  980.  pp.  '32-639. 

34}^. H.  Mac.Artliur  and  J.W.  Me  Arthur,  "On  Bird  Species  Divers  ity  ”  t.f  oh  ay.  vol  42,  1961,  pp.  594-598;  and  G.S. Mills  et  al.,  “The  Rela¬ 
tionship  Between  Breeding  Bird  LVn.siiy  and  Vegetation  Volume,  ”  Wihon  BuHetin^vol.  103,  1991,  pp.  468-479. 

^'.Vt.Roscnzwcigand  J.  Winakur.  “Population  Ecology  of  Desert  Rodent  Communities:  Habitats  and  Environmental  Complex  ity,”  f'rolo- 
gy.  vo/.  50,  1966, pp.  558-572:  and  R.  II.  Dueserand  W.C.Brown,  “Ecological  Correlates  of  Insular  Rodent  Diversity,”  Ecology,  voi  61,  1980, 
pp.  50-61. 

’^David  Pimentel  et  al,  “Conserving  Biological  Diversity  in  .Agricullurab'Forestry  Systems.”  BioScience^vai  42,  No.  5,  May  1992,  pp. 
354-362;  and  M.G.Paolettiet  al.  ■■Agroeco>y stem  Biodiversity.  Matching  Production  and  Conservation  Biology,”  Agriculture.  Eco.<iy.\tcm5 
and  Environment,  vol.  40,  1992,  pp.  3-2.3. 

37DennmPn^iff<rij//T^ih,V«;mavbe  difficult  and  controversial]  because  the  past  decades  to  cenUiries  of  clear  cutting,  selective  harvesting  of 
economically  valuable  trees,  and  tire  suppression,  for  example,  have  altered  many  U.S.  forests,  olteii  leading  to  an  increased  concentration  of 
plant  species  with  lower  economic  or  ecological  value.  Similar  alterations  have  occurred  over  many  other  U.S.  landscapes,  including  prairie  and 
wetlands.  Although  defining  how  much  modification  still  qualifies  as  “natural  “  is  thus  challenging,  the  term  is  used  broadly  here  to  include  all 
lands  that  support  a  significant  quantity  and  variety  of  indigenous  plants  and  animals.  For  this  report,  only  current  or  former  agricultural  lands  or 
highly  degraded  lands  are  considered  for  energy  crops. 

S.  Congress,  Office  of  Technology  A^^csstvicni.  Pnfparing  for ont Jneertain  Climate.  vo]f,.  i  and  2,  OTA-0-567,  OTA-0-568  (Wash¬ 
ington,  DC:  U.S.  Government  Printing  Office,  October  1993). 

^‘^If  fossil -U.  based  {igricuhuralchcmicals, fertilizers. or  transpon fuels  are  used,  biocnergyis  not  sirictly  greenhouse  gas  neutral.  Typical¬ 
ly,  however,  the  net  energy  return  (or  greenhouse  gas  equivalence)  for  Hl-Csand  SRVVCs  varies  from  6:  1  to  18:  1  tor  biomass  energy  to  tossil 
energy  inputs.  In  contrast,  current  com  to  ethanol  production  has  much  lower  net  energy  gains. 
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FIGURE  2-4;  Current  and  Projected  Range  ot  Sugar  Maple 
Under  Two  Models  of  Global  Warming 


NOTE  GISS  =  Goddard  Institute  for  Space  Studies,  GFDL  =  Geophysical  Fluid  Dynamics  Laboratory 

SOURCE  Off  Ice  of  Technology  Assessment,  1993,  adapted  from  M  B  Davis  and  C  Zabinski,  Changes  in  Geographical  Range 
Resulting  from  Greenhouse  Warming  Effects  on  Biodiversity  in  Forests,  ”  Global  Warning  and  Bilological  Diverrsity  B  J  Peters 
and  T  E  Lovejoy  (eds )  (New  Haven,  CT  Yale  University  Press,  1992) 


Although  large  land  areas  would  be  devoted  to 
bioenergy  crops,  in  most  cases  they  are  not  likely 
to  dominate  the  landscape.  For  typical  electricity 
or  ethanol  production  facilities  with  processing 
capacities  of  1,000  to  2,000  dry  metric  tonnes 
(1  ,100  to  2,200  short  tons)  of  biomass  per  day, 
roughly  4  to  8  percent  of  the  land  in  a  40-kilometer 
(25-mile)  radius  around  the  plant  would  be  re¬ 
quired In  terms  of  land  area,  energy  crops 


would  then  rank  third  or  fourth  in  overall  impor¬ 
tance  in  most  areas."' 

Bioenergy  can  potentially  also  improve  urban 
and  regional  air  quality  by  reducing  sulfur  oxide 
(SOx,and  other  emissions.  SOx,  emissions  can  be 
reduced  by  cofiring  biomass  with  coal  or  by  sub¬ 
stituting  biomass-fired  for  coal-fired  power- 
plants.  If  poor-quality  equipment  or  controls  are 


*mhts  assume.s  the  high  yield  of  roughly  1 8  dry  metric  tonnes/heciarc  (8  tons/acre)  .shown  in  figure  2-3.  At  lower  yields,  the  percentage  of 
land  devoted  to  energy  crops  would  increase  proportionately. 

Perbek  el  ill.  Oak  Ridge  Nationall.aboratory,  “Environment]  Emissions  and  socioeconomic  Considerations  in  the  Production, 
Storage,  and  Transportation  of  Biomass  Energy  Feedstocks/*  OR Ni/PM-  12030,  1992. 
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used,  however,  emissions  of  particulate  and  cer¬ 
tain  organic  compounds  could  be  increased  by  the 
substitution  of  bioenergy  for  conventional  fuels. 

Under  the  Clean  Air  Act  Amendments  of  1990, 
oxygenates  arc  required  in  gasolines  used  in  urban 
areas  that  exceed  carbon  monoxide  and  ozone  lim¬ 
its.  Ethanol  and  methanol,  which  can  be  derived 
from  renewable  resources,^' could  serve  that  pur¬ 
pose.  However,  a  1994  government  directive  that 
30  percent  of  oxygenates  be  derived  from  renew¬ 
able  fuels  was  recently  overturned  by  a  federal 
court.  More  importantly,  by  developing  an  infra¬ 
structure  in  support  of  ethanol  or  methanol  fuel  in 
the  near  term,  mid-  and  longer  term  use  of  ad¬ 
vanced  vehicle  technologies  may  be  possible, 
with  much  greater  potential  reductions  in  emis¬ 
sions  and  substantial  increases  in  fuel  economy 
(see  chapter  4). 

Biomass  can  be  used  in  place  of  fossil  fuels  to 
avoid  the  emission  of  carbon  dioxide  from  fossil 
fuel  combustion.  43  I„  addition,  biomass  energy 
crops  may  provide  a  net  increase  in  soil  carbon  as 
well  as  in  standing  biomass,  depending  on  the  pre¬ 
vious  use  of  the  land.'^The  ability  of  bioenergy  to 


offset  the  emission  of  greenhouse  gases  is  an  im¬ 
portant  potential  benefit  from  its  use.  Details  of 
these  issues  are  discussed  elsewhere.^'^ 

Conversely,  the  potential  impact  of  likely  cli¬ 
mate  change  on  energy  cropping  is  uncertain  and 
may  require  some  adaptation.  These  issues  have 
been  explored  in  depth  in  a  recent  OTA  publica¬ 
tion. 

ECONOMIC  IMPACTS” 

Rural  economies  in  the  United  States  have  been 
hard  pressed  for  many  years.  Between  about  1980 
and  1990,  the  U.S.  share  of  the  world  total  agri¬ 
cultural  trade  dropped  from  28  to  21  percent.  At 
the  same  time,  the  European  share  grew  from 
about  13  to  19  percent.  China  is  now  the  world’s 
second  largest  corn  exporter  and  Brazil  is  a  major 
exporter  of  soybeans.  Some  expect  that  parts  of 
Eastern  Europe  and  the  former  Soviet  Union 
could  become  food  exporting  powerhouses  in  the 
future. '“In  late  1992,  roughly  half  of  the  ship¬ 
loading  grain  terminals  in  the  United  States  were 
reportedly  closed,  about  to  close,  or  for  sale.'"’ 


'-2.Again  the  focus  here  Is  on  ctiianol  and  mcihanol  from  ceMulosic  biomass,  Etlianoi  from  Com  presents  a  different  set  ol  issues  timi  i-,  not 
examined  here. 

4>np  Halletal..*'Ahcnia;ivoRoles  for  Biomass  in  Coping  with  Greenhouse  Warming.  ”  Srienre amiClohi! St'nirirv.voi  2,  pp. 

Wright  and  [•  .f-.  Hughes.  ...  .S.  Carbon  Offset  Potential  Using  Bintnass  Energy  Journal  o/Wuicr  Air  and  Sttil  Polluiina.iU 

prc.ss. 

‘^^For  more  infonUidion.  see  Off  Ice  of  Technology  Assessment,  op.  cil..  footnote  26. 

‘^Office  of  Technology  AssessineiU.  op.  Cit.,  footnote 

•^^Thc  primary  source  for  this  section  is  K,  Shame  Tyson  and  Randall  A.  Reese,  Windy  Peaks  Associates.  "Economic  Impacts  of  Rnimass 
Energy,  ”  report  prepared  for  the  Office  of  Technology  Assessment,  Jan.  15,  1994.  For  other  reviews  of  the  economic  impact\  of  b  iocnerg  y 
crops,  see:  Southeastern  Regional  Biomass  Energy  Program,  Tennessee  Valley  Authority,  and  Meridian  Corp.,  P<ytnofmc  lmpa<i  of  /fKinstrn:! 
Wood  Energy  the  Southeast  Region  of  the. 0\  S.,  4  vols.  (Muscle  Shoals,  AL  and  Alexandria.  VA:  November  1990):.I.W.OnM;ulet  al.. 
National  Renewable  Energy  Laboratory  and  Meridian  Corp.,  Analysis  of  the  Financial  and  fnvestmenl  Requircnirtus  for  the  Scaled'pofBio 
mass  Energy  Crop\  (Alexandria,  VA:  September  1992);  Ed  Wood  and  Jack  Whittier,  "Biofuels  and  Job  Creation:  Keeping  Energy  Kx^vmhiurcs 
Local  Can  Have  Very  Positive  Ficonomic  Impacts,”  vol.  10,  No.  3,  September-December  1992,  pp  6-1  I:  Meridian  Corp.  amlAniare.s 

Group,  Inc.,  "Economic  Benefits  of  Biomass  Power  Production  in  the  U.S. Biologue,voL  10,  No.  3,  September-December  !992.pp.  12-18. 
R.L.  Graham  c*  aL”Biomas.s  Fuel  Costs  Predicted  for  East  Tennessee  Power  Plant,”  Biohgue.voi.  10,  No.  .3.  September-December  1992,  pp. 
23-29;  and  U.S.  Department  of  Energy,  Office  of  Solar  Energy  Conversion,  Solar  Thermal  andB\omiissPo\\er  fricityfro.m Bio- 

nia}:.s:A  Oeselopnient Sfrategx,  DOE  CH  10093-152  (Washington,  DC:  April  1992). 

"^^Inthe  longer  Ln,  population  growth  in  some  developing  countries  may  surpass  agricultural  productivity  grov,  th  and  increase  the  de¬ 
mand  for  food  imports.  Some  of  this  demand  may  be  supplied  by  the  United  States.  No  one  knows,  however,  what  the  net  effect  is  likely  to  be. 
^''ScouKiltnani-lL.SvKSteaililvl^osini? Share  of  World  Trade  in  Grain  and  “  Wa// .S/ree(/o«ma/,.  Dec.  1 1992,  p.  Al. 
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These  pressures  have  resulted  in  a  growing  need  to 
find  alternative  crops  and/or  naarkets  for  U.S. 
agricultural  communities:  to  provide  employ¬ 
ment,  to  stabilize  rural  incomes,  and  to  maintain 
the  rural  infrastructure  of  equipment  and  supply 
distribution  and  service.  Bioenergy  crops  offer 
one  such  alternative. 

The  rural  economy  faces  several  trends:  bioen¬ 
ergy  may  be  able  to  moderate  some  of  their 

impacts.  Domestic  demand  for  conventional  agri¬ 
cultural  products  is  likely  to  increase  slowly:  U.S. 
population  growth  is  low^’^and  the  U.S.  consumer 
is  reasonably  well  fed.  At  the  same  time,  foreign 
demand  is  uncertain  and  will  depend  on  how  fast 
agricultural  productivity  increases  compared  with 
population  growth,  the  impacts  of  trade  agree¬ 
ments  such  as  GATT  and  NAFTA  (see  above),'* 
and  other  factors.  Foreign  demand  might  also  be 
met  in  the  future  by  new  export  powerhouses,  par¬ 
ticularly  Eastern  Europe  and  the  former  Soviet 
Union.  Latin  America,  and  elsewhere.  5 2  Efforts  in 
those  regions  will  be  strongly  aided  by  adoption  of 
the  modern  agricultural  techniques  and  crop  vari¬ 
eties  pioneered  by  the  United  States.  Thus,  U.S. 
farmers  are  not  assured  of  a  continuing  compara¬ 
tive  advantage,  at  least  not  of  the  magnitude  they 
have  enjoyed  in  the  past. 

The  trend  to  farming  as  an  agribusiness  is  likely 
to  continue  as  well.  This  is  an  inevitable  result  of 
the  need  to  maintain  some  competitive  advantage, 
and  it  will  require  increased  use  of  modern  chem¬ 
istry,  biology,  and  computer  and  telecommunica¬ 
tion  technologies,  creating  a  production  unit  with 

sophisticated  stocks  and  flows  of  goods  and  ser¬ 
vices. 


The  production  of  bioenergy  may  also  be  im¬ 
pacted  by  such  agribusiness  considerations.  For 
example,  large  conversion  facilities  requiring  an 
assured  supply  of  feedstock  might:  1  )  buy  or  lease 
land  sufficient  to  supply  their  biomass  feedstock 
needs;  2)  negotiate  a  limited  number  of  larger  con¬ 
tracts  to  provide  the  feedstock  while  minimizing 
overhead;  and  3)  use  these  supplies  to  keep  market 
prices  down  and  supplies  up — all  of  which  could 
significantly  influence  bioenergy  markets  in  a  re¬ 
gion.  This  scenaiio  is  a  rather  different  vision 
from  that  of  many  small  farmers  entering  a  huge 
market.  Further  analysis  of  the  possible  evolution 
of  these  markets  would  be  useful. 

Environmental  considerations  may  play  an 
increasing  role  in  farming  practice  as  well.  Indi¬ 
rectly,  increasing  attention  to  environmental  con¬ 
siderations  on  public  lands  may  push  fiber  and 
other  production  activities  more  to  private  and 
marginal  lands.^^At  the  same  time,  increasing 
attention  to  environmental  issues  on  private  lands 
(e.g.,  soil  erosion,  water  quality,  habitat)  may  also 
have  an  impact  on  cropping  practices. 

Energy  crops  may  provide  alternative  sources 
of  income  and  help  diversify  risk  for  the  farmer. 
Energy  crops  have  the  potential  to  redirect  large 
financial  flows  from  foreign  oil  or  other  fossil 
energy  resources  to  the  rural  economy  while  si¬ 
multaneously  reducing  federal  agricultural  expen¬ 
ditures.  Realizing  this  potential,  however,  will 
require  further  development  of  economically  and 
environmentally  sound  energy  crops;  their  suc¬ 
cessful  commercialization;  and  carefully  crafted 
federal,  state,  and  local  policies  to  ease  the  transi- 


50jj  j;  population  th  h  one  of  iKc  hi»licsi  in  imhistriai  countries,  however. 

$  1  us rX'pamucnt Of  Agriculture, Op,  cit..  fooiitoic 2.V 

^-Of  course,  i  his  will  require  heavy  investment  to  develop  the  needed  infrastructure  of  farming  equipment,  roads,  storage  facilities,  and 
shipping  terminals.  Such  iin  cstmoni  capital  is  now  v  erv  limited  in  tliese  countries. 

’‘U.S,  Congress',  of  Technology  Asscssmem,  A  Ertj  for  Aniffrk  an  Agriculture,  OTA-F-474  (Washington,  DC: 

iJ.S.fiovcmment  Printing  Office,  Aiigiisti  992):  ami  William  E.  Easterling.  “Adapting  United  States  Agriculture  to  Climate  Change,”  report 
prepared  for  the  Office  of  Technology  A.sscssmom.Pebajaryl992. 

^‘•^Thi.s  is  beginning  t.  occur  in  the  pacific  Northwest  now.  with  SRWCs  being  grown  on  pastiue  or  cropland  to  supply  fiber  for  paper  prod¬ 


ucts. 
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(ion  to  energy  crops  without  injuring  the  farm  sec¬ 
tor  or  exposing  it  to  undue  risk  during  this  period. 
It  will  also  depend  on  the  relative  value  of  other 
uses  of  this  land  and  the  costs  and  benefits  of  other 
fuels  and  technologies. 

I  Electricity 

Several  efforts  have  been  made  to  model  the  po¬ 
tential  economic  impacts  of  bioenergy  crop  pro¬ 
duction. For  the  electricity  sector,  job  creation 
in  rural  agriculture  must  be  measured  against 
fewer  jobs  created  or  even  job  losses  in  coal  pro¬ 
duction.^'’ Vaiious  estimates  place  net  job  cre¬ 
ation — including  both  direct  and  indirect  impacts 
across  the  entire  economy — with  bioenergy  de¬ 
velopment  at  about  9,500  to  13,000  jobs  per  GW 
of  electricity-generating  capacity  in  the  year  2010 
and  net  income  generation  at  $170  million/GW  to 
$290  million/GW.  Much  of  the  projected  job  cre¬ 
ation  would  be  in  rural  agricultural  areas. 

These  models  project  bioelectricity  capacity  in 
the  year  2010  in  the  range  of  12  to  18  GW.  Factors 
influencing  this  capacity  expansion  include  the 
design  of  the  particular  econometric  model  and  as¬ 
sumptions  concerning  the  costs  of  competing 
fuels,  the  continued  availability  of  tax  credits,  the 
growth  in  electricity  demand,  and  technological 
advances. 

Estimates  of  federal  and  state  tax  revenues  on 
the  direct  and  indirect  economic  activity  stin  u- 
lated  by  the  bioelectricity  f^eneration  vary,  but 
typically  range  in  the  neighborhood  of  $70  mil¬ 
lion/GW  before  tax  credits  or  other  financial  sup¬ 
ports,  In  addition,  there  is  the  potential  to  offset 
some  of  the  roughly  $10  billion  that  the  federal 
government  now  pays  in  agricultural  commodity 
support  and  conservation  programs  (see  below). 


Wheelabrator  Shasta  Energy  Co  ,  near  Anderson,  California, 
uses  the  bark  to  generate  electricity  and  se//s  the  hfgh-quality 
wood  chips  to  a  nearby  paper  mill. 


Installing  12  to  18  GW  of  bioelcctricity-genera- 
tion  capacity  by  2010  is  a  substantial  challenge. 
Feed  stock  production  and  powerplant  demonstra¬ 
tions  must  be  developed  and  completed  to  show 
the  financial  viability  of  these  technologies.  De¬ 
tailed  business  plans  must  be  developed  and  fi¬ 
nancial  markets  tapped,  Lai*ge-scale  dedicated 
energy  crops  must  be  established,  infrastructure 
developed,  powerplants  built,  and  regulatory  and 
institutional  issues  addressed.  For  capacity  on  this 
scale  to  be  installed  by  2010,  power  companies 
should  already  have  a  significant  amount  of 
bioenergy  powerplant  construction  in  their 
10-year  plans:  they  do  not.  ^ 

however,  bioelectricity  production  on  a  very  large 
scale  (50  to  100  GW  or  more)  appears  feasible 
with  expected  crop  land  availability  and  bioenergy 
crop  productivity,  and  with  expected  advances  in 


55  Tyson  ami  Reese  op  cii.,  47.  Souihcasicm  Regional  Biomass  Program,  Tennessee  Valley  Author-it).  aiul  Meridian  Corp.. 

op.  cit.,  footnote  47;  Wood  and  Whittier,  op.  cit.,  footnote  47;  and  Meridian  Corp.  amt  Aniares  Group,  Inc., op.  cit..  foinnote47. 

5^0vcr  a  particular  lime  there  may  be  net  increases  in  jobs  i"  the  sector  es  en  w  ill.  a??rcss.vc  bioenerny  dcs  elopmem.  Uepe.idin?  on  the 
overall  growth  of  the  electricity  sector,  coal  share  nf  electricity)  generation,  and  other  factors.  Furtlier.  other  factr-.rs  such  as  automation  ma> 
reduce  the  number  of  jobs  in  coal  mining  n,s  wellasin  biocnergy.  For  example,  according  to  one  estimate  the  coal  imlusirycuiitsv^orkforccbya 
net  70,000  jobs  between  1980  and  1990  as  a  result  of  productivity  increases.  .Sec  Meridian  Corp.  ami  AnraresGroLip.lnc..op.  cit..  footnote  47. 

Power  Research  Institute,  personal  communication,  Mar.H 
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biomass-powered  electricity-generating  technol¬ 
ogies  (see  chapter  5). 

I  Liquid  Fuels 

Technologies  are  under  development  to  convert 
energy  crops  such  as  HECs  and  SRWCs  to  liquid 
fuels  such  as  ethanol  and  methanol  that  can  be 
used  for  transport^**  (see  chapter  4).  The  econom  ic 
impacts  of  large-scale  production  of  liquid  fuels 
are  similar  to  those  for  the  production  of  bioelec¬ 
tricity.  Net  income  and  job  gains  in  the  agricultur¬ 
al  sector  must  be  weighed  against  possible 
long-term  slower  growth  or  even  job  losses  in  the 
oil  and  refinery  sectors.  The  impact  of  biofuels  on 
the  oil  and  gas  sector  is,  however,  likely  to  be  far 
less  important  than  that  of  ongoing  changes  with¬ 
in  the  oil  and  gas  sector:  declining  domestic  re¬ 
sources  in  many  areas,  refinery  operations 
shifting  offshore,  volatile  prices  impacting  inde¬ 
pendent  developers,  and  many  others.  Further,  be¬ 
cause  oil  and  petroleum  products  have  a 
well-developed  global  market,  a  large  share  of  any 
domestic  oil  production  or  refinery  capacity  dis¬ 
placed  by  the  production  of  biofuels  may  ulti¬ 
mately  be  redirected  toward  other  markets,  with 
little  overall  job  or  income  loss.  Additional  in¬ 
vestment  in  infrastructure  may  be  required,  how¬ 
ever,  to  move  these  products  efficiently  to  new 
markets. 

Estimates  of  direct  and  indirect  job  creation  in 
the  agricultural  and  conversion  sectors  are  rough¬ 
ly  20,000  jobs  per  billion  gallons  of  ethanol 
(BGOE)  and  $350  million  of  direct  and  indirect 
income  per  BGOE.^^ 

Potential  production  levels  of  ethanol  and 
methanol  vary  widely  with  assumptions  about  the 
cost  of  oil,  the  availability  of  tax  credits  and  other 


financial  supports,  constraints  on  the  availability 
of  manpower  and  finance,  growth  in  the  demand 
for  transport  fuels,  technological  advances  (see 
chapter  4),  and  many  other  factors.  One  model 
projects  production  levels  of  15  to  50  BGOE  per 
year  by  2030,  depending  on  these  and  other  fac¬ 
tors. level  of  50  BGOE  is  the  equivalent  of 
roughly  2  million  barrels  of  oil  per  day,  or  about 
10  percent  of  our  current  total  oil  use.  Before 
2010,  the  potential  for  producing  ethanol  is  lim¬ 
ited  by  the  need  for  continued  RD&D  of  the 
technology  and  the  lead  time  required  for  large- 
scale  commercialization.  Further  work  to  under¬ 
stand  the  potential  economic  impacts  of 
biomass-ethanol  strategies  would  be  useful. 

Fluctuations  in  the  price  of  oil  have  been  a  sig¬ 
nificant  risk  for  ethanol  producers.  Between  1979 
and  1987,  the  corn-ethanol  industry  constructed 
some  140  facilities  of  which  60  percent  failed  and 
were  closed,  at  least  in  part  due  to  the  oil  bust  in 
the  mid-1980s.  Oil  price  fluctuations  similarly 
pose  substantial  risk  to  future  development  of  bio- 
mass-to-ethanol  production. 

I  Federal  Budget  Impacts 

Federal  agricultural  expenditures  play  a  noted  role 
in  the  rural  economy.  The  federal  budget  is  under 
great  pressure,  however,  and  agricultural  pro¬ 
grams — like  everything  else — are  undergoing  in¬ 
creased  scrutiny  for  savings.  Currently,  federal 
programs  to  prevent  soil  erosion'*' and  various 
commodity  support  programs  to  strengthen  crop 
prices  together  cost  roughly  $10  billion  per  year, 
and  considerable  debate  about  the  future  of  these 
programs  is  under  way.  If,  for  example,  the  Con¬ 
servation  Reserve  Program  (CRP)  is  reduced  in 
scope  in  the  future,  unintended  costs  may  be  im- 


^^T1ieseentu>^v^'**^pshave  a  much  greater  resource  potential  than  com  to  ethanol,  much  better  overall  energy  Conversion  ratios,  and  fewer 
(or  beneficial)  environmental  impacts. 

^'^Tysonand  op.  cit..  foomotc ‘•7- 

ft!  An  example  is  the  Conservation  Reserve  program  (CRP).  which  pays  farmers  to  take  lands  out  of  production  of  a  marketable  crop  for  10 
years  in  order  to  protect  more  erodihle  or  fragile  soils  with  permanent  cover.  Similar  soil  protection  can  be  obtained  from  bioenergy  crops  on 
CRP  land,  but  harvesting  of  energy  crops  may  reduce  the  wildlife  habitat  value  of  this  land. 
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posed  on  the  commodity  support  programs  as 
farmers  put  previously  idled  CRP  lands  back  into 
production.  More  generally,  as  agricultual  pro¬ 
ductivity  continues  to  increase,  means  of  idling 
additional  acreage  may  be  necessary. 

Bioenergy  crops  area  potential  alternative  cash 
crop  that  could  protect  fragile  soils  or  could  be 
grown  on  lands  previously  idled  in  order  to 
strengthen  commodity  crop  prices.  If  grown  on 
fragile  soils  or  marginal  lands,  however,  energy 
crop  productivities  would  likely  be  low  and  might 
require  additional  supports  to  be  cost  competitive. 
Bioenergy  represents  a  huge  potential  market. 
Americans  use  food  at  the  equivalent  of  roughly 
100  watts, while  energy  is  used  at  the  rate  of 
10,000  watts.  U.S.  energy  demands  are  far  greater 
than  the  energy  likely  to  be  produced  by  bioenergy 
crops. 

Earnings  from  energy  crops  might  then  be  used 
to  ease  federal  supports  while  maintaining  farm 
income.  Of  course,  the  relative  environmental 
benefits  of  energy  crops  versus  current  soil  con¬ 
servation  programs  such  as  CRP  would  again  de¬ 
pend  on  the  specific  energy  crops  grown  and  how 
the  land  was  managed.  The  relative  economic  and 
budgetary  value  of  producing  bioenergy  crops 
would  have  to  be  compared  with  potential  alterna¬ 
tive  uses  of  the  land.  Designing  federal  programs 
to  achieve  such  ends  while  minimizing  disruption 
and  risk  to  farmers  presents  challenges. 

The  federal  government  also  provides  signifi¬ 
cant  crop  insurance  support  in  response  to  flood, 
drought,  or  other  natural  disasters.  Some  bioener¬ 
gy  crops  may  be  naturally  more  resistant  to  such 
disasters  than  food  or  feed  crops.  For  example,  in 


contrast  to  food  or  feed  crops,  certain  trees  nor¬ 
mally  found  in  frequently  flooded  bottonlands- 
sweetgum,  sycamore,  willow,  and  others-may 
survive  partial  inundation  for  weeks  without  sig¬ 
nificant  damage.  Harvesting  of  food  or  feed  crops 
must  also  be  done  within  a  narrow  window  of 
time;  severe  weather  or  natural  disasters  may  limit 
such  harvesting.  In  contrast,  the  harvest  of  SRWC 
bioenergy  crops  can  be  delayed  for  months  with 
no  damage  to  the  crop.  The  extent  to  which  such 
bioenergy  crops  can  cost-effectively  substitute  for 
traditional  food  or  feed  crops  while  potentially  re¬ 
ducing  federal  crop  insurance  expenditures  needs 
to  be  examined  in  detail.*^^ 

I  Trade  Balance  lmpacts‘^ 

U.S.  expenditures  on  foreign  oil  are  currently  run¬ 
ning  about  $45  billion  per  year  and  are  destined  to 
increase  sharply  as  domestic  oil  production  con¬ 
tinues  to  decline.  Several  U.S.  electric  utilities  are 
also  now  importing  low-sulfur  coal.  As  noted 
above,  bioenergy  crops  could  potentially  offset 
some  of  these  imports.  Although  biocnergy  by  it¬ 
self  is  unlikely  to  eliminate  fuel  imports  unless 
combined  with  dramatic  improvements  in  vehicle 
efficiency  (see  chapter  4),  it  could  make  a  substan  - 
tial  contribution  to  our  energy  needs. 

RD&D  AND  COMMERCIALIZATION 

If  bioenergy  is  to  make  a  substantial  contribution 
to  the  U.S.  energy  mix,  several  issues  must  be  ad¬ 
dressed.  Examined  briefly  here  are  RD&D  of  en¬ 
vironmentally  sound  energy  crops  and  market 
challenges  that  may  substantially  slow  commer¬ 
cial  adoption  of  these  technologies. 


for  Iransport.^ioruge.  processing,  and  other  losses. or  for  the  low  conversion  efficiency  of  feed  lomc^it.  In  addition, 
only  a  small  porrion  of  ihc  plant  i  s  u  sefid  food,  w  hi  !e  most  of  the  plant  carl  conv  ericd  to  energy. 

^'^This  might  include  consideration  of  both  the  risk  of  crop  loss  and  the  offsetting  of  federal  or  other  crop  insurance  pa>  monks. 

^‘*Somc  note  that 
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ronmenial  impacts;  their  transport  and  storage; 
and  their  conversion  to  fuels  or  electricity  (see 
chapters  4  and  5), 

■  High-productivity  crop  varieties.  RD&D  to 
improve  energy  crop  productivity  and  per¬ 
formance  remains  in  its  infancy.  Crop  producti¬ 
vities  have  increased  50  percent  in  the  past 
decade,  but  substantial  further  improvement 
appears  possible.  Because  of  the  sensitivity  of 
biomass  costs  to  crop  yield  (figure  2-3),  im¬ 
proving  crop  productivity  can  play  a  particular¬ 
ly  important  role  in  the  economic  viability  of 
energy  crops.  In  the  longer  term,  the  develop¬ 
ment  of  complementary  polycultures  may  also 
be  of  interest  (see  below). 

«  Crop  operations.  Crop  planting,  maintenance, 
harvesting,  transport,  and  storage  represent  the 
bulk  of  the  costs — and  thus  opportunities  for 
cost  reduction — in  producing  biomass.  Much 
research  remains  to  be  done  in  these  areas,  but 
early  indications  suggest  substantial  opportu¬ 
nities  for  productivity  improvement  and  over¬ 
all  cost  reduction  in  several  of  these  steps. 


•  Environmental  impacts.  Relatively  little  R&D 
has  been  done  on  the  environmental  impacts  of 
energy  crops  in  the  United  States.  Most  studies 
have  been  short  term,  limited  in  scope,  and  con¬ 
fined  to  small  scales.  Although  careful  studies 
have  been  conducted  at  a  handful  of  sites  across 
the  United  States,  the  results  tend  not  to  be 
readily  transferable  to  significantly  different 
sites,  crops,  or  management  practices.  Conse¬ 
quently,  most  practices  in  the  field  have  been 
developed  by  analogy  with  conventional  agri¬ 
culture  or  forestry.  This  approach  has  signifi¬ 
cant  limitations:  for  example,  energy  crops  can 
have  much  deeper  and  heavier  rooting  patterns 
than  conventional  agricultural  crops,  affecting 
soil  carbon  balance,  water  balance,  and  the  fate 
of  agricultural  chemicals.  Even  less  is  known 
about  the  habitat  impacts  of  energy  crops;  some 
of  the  first  studies  are  just  under  way  at  a  few 
locations.  Virtually  all  proposed  habitat  prac¬ 
tices  are  based  on  ecological  theory  and  by 
analogy  with  conventional  crops,  A  detailed 
list  of  possible  environmental  RD&D  is  pro¬ 
vided  in  box  2-3,  and  prototype  principles  for 
structuring  energy  crops  are  provided  in  box 
2-4. 

■  Demonstrations.  There  have  been  few  demon¬ 
strations  to  establish  pilot  energy  conversion 
facihties  such  as  bioenergy  to  electricity  or  to 
liquid  or  gaseous  fuels  (or  to  other  petrochemi¬ 
cal  substitutes);  to  clarify  issues  of  how  best  to 
develop  supporting  infrastructure  and  to  ad¬ 
dress  overall  management  and  regulatory  is¬ 
sues;  or  to  determine  how  to  structure  energy 
crops  for  maximum  environmental  (soil,  water, 
air,  habitat)  value  or  determine  what  their  envi¬ 
ronmental  value  actually  is  by  field  observa¬ 
tions.  Demonstrations  are  most  useful  if  they 
are  of  sufficient  scale  to  clarify  the  characteris¬ 
tics  of  a  fully  functional  infrastructure  and  thus 
to  reliably  and  cost-effectively  link  feedstock 
production  activities  to  energy  conversion 
processes. 


^^The  U.S.  Depaitmeni  of  Energy  is  making  awards  for  feasibility  studies  for  bioenergy  crop  and  conversion  demonstration  projects. 
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The  structure  of  the  farm  sector  also  plays  a  role 
in  determining  environmental  impacts  and  needs 
to  be  examined  carefully.  For  example,  roughly 
one-third  of  farms  having  fertilizer  expenditures 
and  one-quarter  having  pesticide  expenditures  in 
1986  paid  for  some  custom  application  proce¬ 
dures.  Training  such  specialists  in  the  timing  and 
application  of  agricultural  chemicals  to  minimize 
misapplication,  potential  groundwater  leaching  or 
runoff,  or  other  problems  may  require  one  set  of 
extension  activities;  reaching  the  two-thirds  or 
more  of  the  farms  that  use  on-farm  hired  laborers 
to  do  it  may  require  a  different  approach.*^*^ Exten¬ 
sion  efforts  will  also  viuy  between  very  large 
farms  and  small  part-time  farms.  Tenants  and  part- 
owners  are  operating  an  increasing  proportion  of 
farms  and  farmland  acres,  and  may  be  less  con¬ 
cerned  about  the  environmental  costs  and  benefits 
of  various  crops  and  management  systems  than 
owners, 

Some  research  is  already  under  way  for  many 
of  the  above  and  related  topics.  In  addition,  the 
Electric  Power  Research  Institute.  National  Au¬ 
dubon  Society,  and  others  have  organized  a  Na¬ 
tional  Biofuels  Roundtable  to  develop  a  set  of 
principles  and  guidelines  for  minimizing  negative 
environmental  and  socioeconomic  impacts 
associated  with  the  development  of  bioenergy 
crops  and  conversion  facilities.*^*^ 

Energy  crops  must  be  cost-effective  to  produc¬ 
ers  and  users.  This  will  require  careful  balancing 
of  environmental  considerations — including 

near-term  local  and  long-term  global  environmen¬ 
tal  impacts — within  the  overall  bioenergy  eco¬ 
nomics.  It  may  also  require  trading  off  local 


versus  global  environmental  impacts.  Detailed  in¬ 
tegrated  analyses  of  the  economics  and  environ¬ 
mental  impacts  of  various  bioenergy  fuel  cycles 
are  needed.  The  economics  of  bioenergy  crops 
might  also  be  improved  if  the  potentially  signifi¬ 
cant  environmental  services  of  energy  crops  were 
recognized  and  valued,  where  appropriate.  This 
may  be  quite  difficult  in  practice. 

Finally,  and  as  noted  above,  energy  crops  may 
also  provide  greater  habitat  value  than  con\’  en- 
tional  agricultural  monoculture.  Providing  habi¬ 
tat  has  traditionally  been  of  little  concern  to  and  is 
1  irgely  not  addressed  by  conventional  agriculture. 
In  contrast,  the  National  Biofuels  Roundtable  has 
identified  habitat  improvement  as  a  guideline  for 
bioenergy  development.  "The  extent  to  wh  ich  the 

habitat  value  of  bioenergy  crops  is  actively  en¬ 
couraged  is  a  policy  choice,  however,  and  will  be 
influenced  by  a  variety  of  factors,  including  the 
particular  region,  crop,  and  wildlife  species;  over¬ 
all  bioenergy  crop  economics:  and  the  value  (if 
any)  credited  the  energy  crop  for  its  habitat  bene¬ 
fits.  The  extent  to  which  bioenergy  crops  can  ad¬ 
dress  habitat  concerns  without  significant} 
reducing  their  economic  viability  — particularly 
vis-a-vis  agricultural  crops  or  fossil  fuels,  wrhich 
carry  little  or  no  such  consideration-is  un¬ 
known. 

If  the  potential  habitat  value  of  energy  crops  is 
identified  as  an  important  policy  goal,  several  is¬ 
sues  are  then  raised,  including  the  follov  H:: 

mDLsrupting  life-cycle  processes.  Biomass  plant¬ 
ing,  maintenance,  harvesting,  and  other  activi¬ 
ties  may  sometimes  interfere  with  key 


f6j<j.^,tcchnolojiit:smjiVaisoh<-*!pavouKoini>Of  ihescprobicrn.N.For  example,  the  development  Of  time-re!e-'ie  fertilizerV  (or  oiher  a>!rkul 
tural  chemicals)  would  allow  farmers  to  continue  the  common  labor-sav  injs  practice  of  spreading  fertilizer  (or  other  chemicals)  oniN  once  per 
year  while  reducing  the  amount  that  must  he  applied  to  ensure  that  the  nutrients  arc  available  late  in  the  growth  cycle.  See  David  O.  Hall  el  al . 
•'Biomass  for  Enersy.  Supply  Prospects,”  /•ue/.umo'AVor/nnr y. Thomas B,  Johansson et  al.  (cds.)  (Washington. 

DC’:  Island  Press.  1 99. 

1;  S. Congro.ss,  Oftlce  ^>1  'technology  Assessment,  (ientath  thr  Hntuym  Agricultural 
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BOX  2-3;  Environmental  Research  and  Development  Needs  for  Energy  Crops 


Energy  crops  raise  a  variety  of  Important  environmental  concerns  Research  to  understand  and 

minimize  potential  environmental  Impacts  is  needed  across  a  breadth  of  Issues,  Including  the  following 

•  Soil  qualify.  Key  areas  of  RD&D  Include  the  development  of  a  “minimum  data  set”  of  key  soil  physical, 
chemical,  biological,  and  other  parameters  as  a  means  of  monitoring  soil  quality  over  long  periods  of 
time  for  different  crops  and  management  regimens,  nutrient  cycling,  particularly  of  biochemical  proc¬ 
esses,  the  return  of  organic  matter  to  the  soil  under  various  intensive  energy  crops  and  cropping  sys¬ 
tems,  and  the  impacts  of  necessary  equipment  and  various  tillage  systems  on  soil  quality  It  may  also 
be  necessary  to  conduct  this  RD&D  in  parallel  with  the  study  of  adjoining  land  uses  to  improve  under¬ 
standing  of  the  interaction  of  energy  crops  with  the  larger  environment. 

■  Agricultural  chemicals.  Research  on  the  impact  of  agricultural  chemicals  on  soil  flora  and  fauna  and 
on  wildlife  is  needed.  This  includes  research  on  the  Impacts  on  wildlife  behavior  and  reproductive  proc¬ 
esses  Chemical  pathways,  decay  processes,  and  Impacts  need  to  be  better  understood,  particularly 
when  they  affect  more  than  the  target  species  or  when  they  move  out  of  the  target  area  The  dynamics 
of  chemical  use  on  energy  crops,  how  to  reduce  the  movement  of  chemicals  offsite,  and  how  to  reduce 
their  use  generally  are  important  Issues. 

■  Water  quality.  Research  is  needed  on  the  impact  of  erosion/sedimentation  and  agricultural  chemicals 
from  energy  crops,  especially  on  riparian  zones,  and  on  the  potential  of  various  energy  crops  to  serve 
as  filters  and  buffers  for  riparian  areas  Studies  are  also  needed  on  how  to  best  minimize  potential 
leaching  of  agricultural  chemicals  into  groundwater.  Energy  crops  might  be  a  useful  tool  for  reducing 
nonpoint  agricultural  pollution,  but  data  are  needed  to  verify  this  and  to  provide  better  crop  guidelines 
for  realizing  that  end, 

•  Air  quality.  Research  on  the  total  fuel  cycle  emissions  of  various  bioenergy  crops,  conversion,  and 
end-use  systems  Is  necessary  to  minimiae  impacts  on  air  quality  This  Includes  better  understanding  of 
both  rural  and  urban  air  quality  Issues  and  how  to  best  trade  them  off  to  maximize  benefits  Comparing 
the  potential  air  quality  Impacts  of  bioenergy  systems  with  those  of  a  wide  range  of  other  fuel  and  ener¬ 
gy  technology  options  is  a  key  issue 

•  Habitat,  Box  2-4  lists  a  number  of  prototype  principles  for  structuring  energy  crops  to  maximize  their 
value  as  habitat,  buffers,  or  corridors  Each  of  these  principles  needs  to  be  examined  through  extensive 
research  in  dedicated  large-scale  field  trials  and  modified  as  necessary  Such  research  must  consider 
the  impacts  of  energy  crops  in  the  context  of  the  regional  landscape  ecology  over  the  near  and  the  long 
term  Establishing  overall  goals  for  the  desired  habitat  impacts  (which  species  should  be  helped)  of 
energy  crops  in  the  larger  landscape  Wl  I  also  require  extensive  analysis. 


life-cycle  processes  for  wildlife.  If  such  poten¬ 
tial  conflicts  are  to  be  minimized,  biomass  har¬ 
vesting  and  other  activities  may  need  to  be 
restricted  during  nesting  and  other  critical 
times.  (Harvesting  may  also  be  limited  at 
times,  for  example,  during  peak  growing  peri¬ 
ods  or  inclement  weather. )  This  could  require 
storage  of  sufficient  biomass  to  keep  the  con¬ 
version  plant  operating  during  this  period:  it 
may  also  require  idling  capital  equipment  and 


labor  used  for  harvesting  and  transport.  Alter¬ 
natively,  electricity  generation,  for  example, 
might  be  powered  during  such  periods  by  the 
use  of  natural  gas  (chapter  6).  On  the  other 
hand,  a  well-established  biomass  industry  may 
have  a  sufficient  variety  of  crops  and  rotation 
cycles  to  moderate  this  disi*uption.  Field  trials 
arc  needed  to  determine  the  extent  of  these  po¬ 
tential  disruptions  and  means  of  moderating 
them. 
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BOX  2-3  (cont’d.):  Environmental  Research  and  Development  Needs  for  Energy  Crops 


■  Restoration  of  degraded  soils  and  ecological  functions.  Energy  crops  may  reverse  soil  deterioration 
from  human  abuse  in  certain  cases  This  might  Include  problems  of  soil  structure,  loss  of  topsoil  or 
organic  content,  salinity,  acidity  or  alkalinity,  or  even  chemical  or  heavy-metal  pollution.  Mt  might  also 
Include  restoration  of  some  water  purification  or  wetland  functions,  Including  moderating  flood  damage. 
Research  is  needed  to  Identify  such  opportunities,  to  design  systems  that  make  the  best  use  of  this 
potential,  and  to  verify  performance  in  the  field  Realizing  the  possible  restorative  potential  of  energy 
crops  while  providing  landowners  with  adequate  income  (where  yields  are  low)  poses  additional  chal¬ 
lenges 

»  Greenhouse  gases.  The  total  fuel  cycle  (from  crop  production  to  end  use)  impact  of  energy  crops  on 
greenhouse  gases  (including  carbon  dioxide,  methane,  isoprenes,  and  nitrous  oxide)  needs  to  be  eval¬ 
uated  for  various  energy  crops,  conversion  processes,  and  end  uses.  The  development  and  use  of  a 
•'minimum  data  set  of  key  emission  factors  would  be  useful  for  determining  these  Impacts.  P  'ated 
effects  (e  g  ,  on  soil  carbon  balances  or  vehicle  refilling  station  volatile  organic  compounds  emissions) 
should  be  Included  These  fuel  cycle  emissions  can  then  be  compared  for  agricultural  or  energy  crops 
and  for  fossil  or  biomass  fuels 

■  Crops  and  muitipie  cropping.  The  potential  risks  and  impacts  of  various  genetically  modified  energy 
crops  Will  need  to  be  examined  A  variety  of  multiple  cropping  systems  should  be  evaluated  to  deter¬ 
mine  how  to  ensure  soil!  quality,  habitat  benefits,  crop  productivity,  crop  disease  resistance,  and  other 
key  economic  and  environmental  criteria  At  the  same  time,  research  is  needed  to  determine  how  to 
convert  agricultural  lands  to  tree  crops  and  vice  versa,  the  soils  and  microflora  and  fauna  are  often 
quite  different 


'  Growing  plants  will  take  up  a  variety  of  chemical  or  heavy  metal  toxins,  depending  on  the  precise  substance  and  the  particular 
plant  species  This  poses  a  problem  for  food  crops  because  is  concentrates  the  toxins  and  allows  them  to  enter  the  food  chain  In 
contrast  for  energy  crops  these  toxins  may  be  removed  mthe  energy  conversion  process  (e  g  destroyed  by  combustion  or  rRmauv 
.ng  .n  the  ash)  and  so  may  allow  a  gradual  cleansing  o!  the  so- 

SOURCE  U  S  Congress,  Off  Ice  of  Technology  Assessment  fnv:runmfintnl  Impacts  of  Bioenergy  Crop  Productton.OlA’ 

BP-E-1  18  (Washington  DC  U  S  Government  Pnniir.gOff  Ice  September  1993) 


I  Polycultures.  In  the  longer  term,  it  may  be  use¬ 
ful  to  research  the  value  of  polycultures  (a  mix¬ 
ture  of  species  as  well  as  various  ages,  sizes, 
and  shapes)  to  provide  both  energy  and  envi  - 
ronmental  benefits.  According  to  ecological 
theory  and  a  few  limited  field  tests,  a  mixture 
of  species  can  have  higher  biomass  productiv¬ 


ity  and  greater  resistance  to  environmental 
stress  than  a  monoculture.  Fi*oni  this  perspec¬ 
tive,  a  poly  culture  would  benefit  bioenergy 
production.  On  the  other  hand,  it  may  be  easier 
and  cheaper  to  maintain  a  monoculture  and  to 
harvest,  transport,  and  convert  a  uniform  size 


Karciv a,  “Diversity  Begets Apr.21,  1994,  pp.  686-687;  Shahid  Naeem  et  al..  Declining  Biodivers- 
iiyCan  Alter  the  Pertbnnance  of  Ecosystems.”  fsiuiurt:.VOL  368,  Apr.  21,  1994,  pp.  734-737;  and  Yvonne  Baskin,  Ecologists  Dare  To  Ask. 
How  Much  Does  Diversity  Matter’?”  Science,  vol.  264,  Apr.  8.1994,  pp.  202-203. 
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and  type  of  feedstock.’l  Research  in  the  con¬ 
version  of  polycultures  could  be  useful,  partic¬ 
ularly  if  it  can  be  coupled  with  field  research  on 
the  habitat  and  other  environmental  benefits  of 
particular  combinations  of  crops. 

■  Regional  landscape  planning.  Realizing  the 
benefits  of  energy  crops  as  habitat,  buffers,  and 
corridors  may  in  some  cases  require  a  level  of 
regional  landscape  planning  not  often  seen  in 
this  country.  This  will  require  much  more 
RD&D  on  regional  landscape  ecology  and  its 
sensitivity  to  imperfections.  Considerable  ef¬ 
fort  will  also  be  required  to  develop  new  policy 
instruments  for  encouraging  participation  in 
such  landscape  formation  across  many  public 
and  private  properties.  These  issues  are  ex¬ 
amined  further  in  box  2-4. 

Finally,  once  a  substantial  market  develops  for 
wood  fuels,  there  is  the  potential  risk  that  owners 
will  be  encouraged  to  harvest  poor-quality  tim¬ 
ber — spared  up  to  that  point  because  of  its  low 
commercial  value — that  is  serving  as  important 
wildlife  habitat,  or  to  plant  energy  crops  on  wet¬ 
lands  that  are  fertile  but  inappropriate  for  conven¬ 
tional  agriculture.  These  matters  ai^e  particularly 
important  in  regions  such  as  the  Northeast  where 
forests  are  the  primary  biomass  resource.  Means 
of  addressing  such  unintended  side  effects  maybe 
needed. 

These  many  issues  form  a  substantial  near-, 
mid-,  and  longer  term  RD&D  agenda.  Which  of 
these  issues  should  be  pursued  and  when  depend 
on  the  policy  goals  that  are  established. 


I  Commercialization 

As  for  any  new  technology,  agricultural  produc¬ 
tion  of  energy  crops  faces  a  variety  of  market  chal¬ 
lenges  that  may  slow  the  speed  of  adoption.^' 
These  challenges  include  slow  technology  adop¬ 
tion  in  the  agricultural  sector,  competitor  prices 
(low  and/or  volatile  fossil  fuel  prices),  production 
scaleup,  ways  to  level  the  playing  field,  and  infra¬ 
structure  development.  Energy  crops  also  must 
contend  with  a  variety  of  existing  support  pro¬ 
grams  for  other  crops  (box  2-5).  Each  of  these  fac¬ 
tors  may  play  an  important  role  in  determining  the 
pace  of  market  penetration  by  bioenergy  crops.  Is¬ 
sues  unique  to  bioenergy  crop  development  and 
commercialization  are  discussed  here. 

Technology  Adoption 

Technology  adoption  in  the  agricultural  sector  has 
been  relatively  slow  in  the  past.  This  is  changing, 
however,  as  agricultural  production  becomes  in¬ 
creasingly  technology-based  and  business-ori¬ 
ented,^^  and  because  of  the  competitive  pressures 
and  rigid  market  fluctuations  farmers  have  experi¬ 
enced  in  recent  years. 

Farmers  typically  make  production  decisions 
within  short  timeframes  while  maintaining  flexi¬ 
bility,  which  discourages  investments  in  poten¬ 
tially  longer  term  and  less  flexible  energy  crops. 
Market  prices,  support  levels,  credit  availability, 
and  debt  load  are  critical  considerations  at  the  in¬ 
dividual  farm  level. 


7!  For  example,  some  species  in  a  polycullurc  may  not  be  easily  converted  to  ethanol  by  current  enzymatic  hydrolysis  processes.  In  the  near 
term,  it  maybe  more  important  to  verily  the  cost  and  performance  of  these  conversion  processes  by  using  R&D  already  in  progress  for  narrowly 
specified  (monoculture)  fecd.<itocks.  For  the  longer  term,  it  may  be  useful  to  begin  R&D  now  to  adapt  these  enzymatic  hydrolysis  processes  to 
mixed  feedstocks  as  needed  in  order  to  increase  habitat  benefits.  Some  research  on  mixed  feedstocks  is  under  way  at  the  National  Renewable 
Energy  Laboratory.  It  tends  to  focus,  however— and  rightly  so  at  this  early  stage-on  a  few  common  farm  species  that  might  be  mixed  with  the 
primary  feedstock  by  accident,  rather  than  on  a  much  wider  range  of  plants  tliat  might  be  considered  on  the  basis  of  their  habitat  value.  Arthur 
Wi.selogcL  National  Renewable  Energy  Laboratory,  personal  communication,  Sept.  8. 199!^. 

’^Thespccifici.ssucsOfcommercializing  transport  fuels  are  addressed  in  chapter  4  and  of  commercializing  electricity-generation  technolo¬ 
gies  in  chapters  5  and  6.  See  also  U.S.  Congress,  Office  of  Technology  Assessment,  Replacing  Gasoline."  Aluvnaiive  Fuels  for  Light ’Duty  ■ 
hides.  OTA-E-364  (Washington,  DC:  U.S.  Government  Printing  Office,  September  1990). 

Cowgres.v,  C)  ffice  of  Technology  Assessment,  A. Vfivr  r£fc/irw/f;gicfl/ Em  f(fr  American  Agriculture,  OTA-F-474  (Washington,  DC; 
U.S.  Government  Printing  Office,  August  1992). 
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BOX  2-4;  Prototype  Ecology-Driven  Principles  for  Structuring  Energy  Crops 


Plant  species  under  consideration  for  use  as  bioenergy  crops  are  primarily  native  species  that  evolved 
in  the  regions  where  they  may  be  used  These  crops  can  provide  greater  stmctural  diversity  on  a  land¬ 
scape  level  than  typical  agricultural  crops  and  thus  can  enhance  wildlife  habitat  The  extent  to  which  such 
habitat  benefits  are  realized,  however,  depends  on  the  careful  application  of  ecological  principles,  as  out¬ 
lined  below  These  principles  should  be  considered  merely  a  starting  point,  requiring  much  further  re¬ 
search  Further,  these  principles  are  drawn  from  studies  of  natural  ecosystems  and  of  highly  simplified 
agricultural  systems  there  are  few  or  no  empirical  data  for  energy  crops  themselves  Conducting  dedi¬ 
cated  field  trial  research  on  the  ecological  Interact  Ions  of  natural  systems  with  energy  crops  would  be  use¬ 
ful  in  guiding  the  development  of  large-scale  energy  cropping  Finally,  the  extent  to  which  these  principles 
can  be  pursued  Will  be  highly  dependent  on  the  local  situation  and  the  economics  of  the  particular  energy 
crop 

Ecology  iven  principles  for  structuring  energy  crops  might  Include  the  following 

•  Site.  Energy  crops  should  be  concentrated  on  current,  idled,  or  former  agricultural,  pasture,  or  other 
“simplified”  or  “marginal'  lands  Energy  crops  should  not  be  grown  on  naturally  structured  primary  - 
growth  forest  land,  wetlands,  prairie,  or  other  natural  lands  ' 

■  Species.  Energy  crops  should  combine  two  or  more  species  in  various  ways  to  improve  species  diver¬ 
sity.  This  would  preferably  include  the  use  of  leguminous  species  or  others  with  nitrogen-fixing  capabili¬ 
ties  to  reduce  the  need  for  artificial  fertilizers,  and  other  comb;  nations  to  reduce  potential  losses  from 
disease  or  Insects  and  thus  reduce  pesticide  use  Noninvasive  species  that  will  not  escape  from  culti¬ 
vated  plots  are  also  preferred 

■  Structure,  Energy  crops  should  combine  multiple  vegetative  structures  to  enhance  landscape  diversity 
as  needed  by  particular  wildlife  species  This  could  Include  various  combinations  of  SWRCs,  perennial 
grasses,  and  other  dedicated  energy  crops,  leaving  small  to  large  woody  debris  and  other  ground  cov¬ 
er,  as  well  as  Inclusions  of  natural  habitat,  as  needed  These  energy  crops  could  also  be  used  to  pro¬ 
vide  structure  to  conventional  agricultural  monoculture  through  the  addition  of  shelterbelts  and  fence- 
row  plantings  Similarly,  monoculture  of  energy  crops  should  have  shelterbelts  or  fencerows  of  other 
types  of  vegetation 

■  Lifetime.  Landscape  structure  can  also  be  made  more  diverse  by  harvesting  adjacent  stands  on  differ¬ 
ent  rotation  cycles,  Includi  g  leaving  some  stands  for  much  longer  periods  if  possible. 

■  Native  species.  Energy  crops  should  use  locally  native  species  rather  than  exotics  to  the  extent  pos¬ 
sible  Native  species  or  close  relatives  will  harbor  richer  insect  and  other  faunas 

•  Chemicals.  Crops  should  be  chosen  to  minimize  application  of  agricultural  chemicals  such  as  herbi¬ 
cides,  insecticides,  fungicides,  and  fertilizers,  as  discussed  earner 

•  Unique  features.  Unique  habitats  and  features  such  as  small  natural  wetlands,  riparian  or  other  corri¬ 
dors,  “old-growth”  Inclusions,  and  shelterbelts  should  be  preserved  and  enhanced  by  the  energy  crop 

■  Habitat  assistance.  Artificial  nesting  structures  and  other  additions  to  or  supplements  of  habitat  fea¬ 
tures  should  be  provided  where  appropriate 

■  Research.  Energy  crops  should  be  studied  carefully  at  all  appropriate  scales  and  on  a  long-term  basis 

to  better  understand  the  means  of  Improving  appropriate  habitats  for  desired  species  both  for  the  ener¬ 

gy  crop  itself  and  for  related  agricultural,  managed  forest,  and  natural  lands  This  should  also  be  done 
on  a  regional  basis,  as  appropriate 


’  See  footnote  37  m  tn  s  chapter  on  de::nr^g  n^-iUjrai  tuibitnl 

SOURCE  U  S  Congress  Off  Ice  of  Technology  Assessment  botentuv  Qioenercfy  Crop  Prodijcvon  OTA 

BP-E-1  18  (Washington  DC  U  S  Government  Printing  Off  Ice  September  1003.' 
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BOX  2-5:  Existing  Farm  Support  Programs 


Most  farmers  participate  in  federal  farm  commodity  programs,  These  programs  have  a  significant  influ¬ 
ence  on  which  crops  farmers  plant  and  how  the  crop  is  managed,  Program  crops  include  wheat,  corn, 
sorghum,  barley,  oats,  cotton,  and  rice.  Depending  on  how  many  acres  a  farmer  has  planted  with  such 
crops  and  the  crop  yield,  a  farmer  establishes  “base”  acreage  and  yield  over  a  period  of  time.  Each  year, 
farmers  receive  deficiency  payments  based  on  the  difference  between  the  market  price  and  the  target 
price  (established  by  Congress  and  the  Administration)  and  the  number  of  base  acres  and  program  crop 
yields.  Farmers  are  required  to  grow  the  specific  program  crop  on  the  appropriate  number  of  base  acres  or 
lose  a  portion  of  their  base  acreage  (with  some  exceptions) 

Some  flexibility  has  been  added  In  recent  years.  With  flexible  base  acreage  (15  percent  mandatory  and 
10  percent  optional),  a  farmer  may  plant  any  crop  (with  some  exceptions)  including  trees.  On  the  mandato¬ 
ry  flexible  base,  deficiency  payments  are  received;  if  another  crop  is  planted  there  are  no  deficiency  pay¬ 
ments,  but  also  no  loss  of  base, 

The  economic  attractiveness  of  energy  crops  to  the  farmer  is  potentially  much  greater  on  the  mandatory 
flexible  base  acres  than  on  other  base  acres  Under  the  0/85  program  for  wheat  and  feed  grains  (corn, 
sorghum,  barley,  oats),  producers  with  base  acres  plant  15  percent  or  more  of  their  maximum  payment 
acres  (base  acreage  minus  conservation  reserve  acreage — base  acres  that  farmers  are  required  to  take 
out  of  production — and  mandatory  flexible  base)  to  a  conserving  use.  The  producers  maintain  their  base 
acres  and  can  receive  85  percent  of  the  deficiency  payments  on  land  planted  with  the  conserving  crop  as 
if  it  were  planted  with  the  program  crop,  Energy  crops  would  have  to  be  declared  a  conserving  use  for  this 
to  apply 

Because  soil  conserving  energy  crops  would  be  perennial,  farmers  would  need  some  assurance  that  the 
0/85  program  would  continue  for  a  number  of  years  Haying  is  presently  not  allowed  during  the  five  months  of 
the  principal  growing  season  to  avoid  competing  with  forage  markets  No  trees  are  allowed  on  0/85  land, 

SOURCE  Office  of  Technology  Assessment,  1995 


Outside  their  normal  range  of  cropping  prac¬ 
tice,  farmers  prefer  to  make  changes  slowly.  Farm 
management  changes,  even  relatively  minor  ones, 
are  not  decisions  made  overnight.  The  adoption  of 
relatively  simple,  highly  profitable  technologies 
such  as  hybrid  corn  has  taken  as  long  as  nine  years 
on  average.  The  decision  to  change  farming  prac¬ 
tices  requires  a  considerable  degree  of  delibera¬ 
tion,  and  maintaining  new  practices  frequently 
necessitates  on-farm  experimentation  and  adapta¬ 
tion  beyond  that  conducted  during  initial  technol¬ 
ogy  development. 

Some  energy  crops  may  reduce  the  flexibility 
of  farmers.  For  example,  typical  SRWC  stands  re¬ 


quire  3  to  10  years  to  mature.  Farmers  may  then  be 
reluctant  to  make  the  investment  because  of  this 
long  lead  time  and  the  need  for  interim  cash  flow, 
particularly  with  current  low  and  uncertain  prices 
for  other  forms  of  energy.  It  may  be  difficult  to 
quickly  plow  under  a  tree  crop  and  plant  the  land 
with  something  else  should  crop  productivity, 
market  conditions,  or  other  factors  limit  the  return 
on  the  farmer’s  investment  of  labor,  land,  and 
capital. 

Thus,  although  the  Conservation  Reserve  Pro¬ 
gram  encouraged  U.S.  farmers  to  convert  12  mil¬ 
lion  hectares  (30  million  acres)^^of  marginal 


taial  now  stands  at  approximately  1 5  million  hectares  (37  million  acres).  TTiyrele  Robertson,  U.S.  Department  of  Agriculture,  Soil 
Conservation  Service,  personal  communication,  Aug.  26,  1993. 
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BOX  2-6:  Conservation  Compliance  Programs 


Conservation  compliance  was  enacted  under  the  1985  Food  Security  Act  as  amended  in  1990,  which 
requires  all  farmers  cultivating  highly  erodible  land  to  fully  Implement  an  approved  conservation  plan  by 
1995  or  risk  losing  certain  farm  benefit  programs  At  the  same  time,  the  Conservation  Reserve  Program 
pays  farmers  with  highly  erodible  or  otherwise  environmentally  fragile  or  sensitive  land  to  take  it  out  of 
production  under  10-year  contracts  At  present,  some  15  million  hectares  (38  milllion  acres)  are  enrolled  in 
the  CRP,  with  annual  payments  averaging  roughly  S124~hectare  ($50/acre)  At  the  end  of  the  contract,  land 
that  IS  highly  erodilble  must  meet  conservation  compliance  conditions 

Failure  to  comply  with  the  conservation  plan  results  in  the  potential  loss  of  a  variety  of  benefits,  includ¬ 
ing  eligibility  for  price  supports  and  related  programs,  farm  storage  facility  loans,  crop  Insurance,  disaster 
payments,  storage  payments,  certain  Farmers  Home  Administration  loans,  and  several  other  types  of  as- 
s  stance 

Conservation  compiance  affects  some  57  milionon  hectares  (  140  million  acres),  more  '*  ^n  one-third  of 
U  S  cropland  A  key  aspect  of  about  three-quarters  of  the  conservation  compliance  plana  to  date  is  the 
use  of  agricultural  residues  to  control  erosion  Use  of  such  residues  for  energy  may  then  confllict  with  SOil 
erosion  concerns 

^iCAma:  JeMr^-yA  Z:r.n  Cort^r^a!:onCornph3nce  CC  Cot>o»9ss:cna( Rr?f>«3'ch Ser- 


corpland  to  permanent  cover  during  the  1986-89 
period,  only  1  million  hectares  (2,5  million  acres) 
of  this  was  planted  with  trees  (box  2-6).^^  More 
generally,  of  land  planted  in  tree  crops,  the  major¬ 
ity  has  been  in  the  southern  United  States,  where 
relatively  short  tree  rotation  ages  and  some  longer 
landowner  planning  horizons  have  intersected.^'^ 
Conversely,  grasses  generaly  do  not  reduce  flexi¬ 
bility. 

On  the  other  hand,  farm  labor  needs  are  deter¬ 
mined  largely  by  the  intense  effort  required  to 
plant,  harvest,  and  transport  conventional  agricul¬ 
tural  crops  during  a  narrow  window  of  time,  usu¬ 
ally  spring  and  fall.  Once  planted,  however, 
perennial  herbaceous  or  woody  energy  crops  may 
last  10  to  20  years,  and  harvesting  may  take  place 
over  a  relatively  long  period  of  time.  Adding  such 
energy  crops  to  the  farmer’s  portfolio  might  then 
case  the  burden  during  spring  and  fall,  allowing 


better  use  of  labor  and  capital  equipment  overall 
and  thus  increasing  certain  aspects  of  farmer  flexi¬ 
bility. 

Farmers  are  most  likely  to  adopt  technologies 
with  certain  characteristics.  Favored  technologies 
are  those  that:  1  )  have  relative  advantage  over  oth¬ 
er  technologies  (e.g.,  lower  costs  or  labor,  higher 
yields):  2)  are  compatible  with  current  manage¬ 
ment  objectives  and  practices:  3)  are  easy  to  m- 
plement:  4)  are  capable  of  being  observed  or 
demonstrated;  and  5)  can  be  adopted  on  an  incre¬ 
mental  or  partial  basis.  The  complexity  of  sys- 
tems-oriented  changes  will  likely  slow  their 
adoption,  which  may  pose  particular  problems  if 
regional  landscape  planning  is  pursued  io  maxi¬ 
mize  the  habitat  benefits  of  energy  crops.  Mecha¬ 
nisms  for  incrementally  realizing  habitat  benefits 
may  be  needed  should  these  programs  go  forward. 


Ncii  Sun^pson.  "Hioniass  Opportunities  ituhe  Oniicd  Stales  To  Mitigate  the  Et’teelX  nl  OlohalWami  from  ^  onti 

Donald  1.  Kbss  icd.  i  {Chicago,  IL.  Insiiiute  of  Oas  Technology).  1991  ). 

'rh(nnasKrtdl.Minnv.*soi:i  Department  of  Natural  Rcsoutecs. personal cornmunicaiion.  Apr.  ! 1994. 
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Individual  and  farm  characteristics  appear  to 
explain  only  a  small  portion  of  behavior 
associated  with  adopting  new  crops  or  farming 
practices;  institutional  factors  (e.g.,  farm  pro¬ 
grams,  credit  availability)  are  highly  influential. 
Research  on  individual  farm  characteristics  (e.g., 
size,  specialization,  land  tenure)  and  farmer  traits 
(e.g.,  age  and  education)  and  their  relation  to  con¬ 
servation  adoption  has  yielded  mixed  results. 
Most  researchers  consider  institutional  factors  to 
be  much  more  influential,  but  few  studies  have 
been  conducted  on  these  to  date. 

Finally,  farmers  are  a  heterogeneous  group 
with  unequal  abilities,  access  to  information,  and 
resources  for  decisionmaking;  different  degrees  of 
willingness  to  take  risks;  and  a  wide  range  of  ob¬ 
jectives  in  practicing  farming.  For  example,  farm¬ 
ers  objectives  may  include  the  following:  making 
a  satisfactory  living  (as  either  an  owner-operator,  a 
tenant,  or  an  employee);  keeping  a  farm  in  opera¬ 
tion  for  family  inheritance  or  other  personal  rea¬ 
sons,  perhaps  while  working  at  an  off-farm  job; 
obtaining  a  satisfactory  return  on  investments  in 
land,  labor,  and  equipment;  obtaining  tax  benefits; 
and  obtaining  recreation  or  aesthetic  enjoyment. 
These  objectives  influence  the  portfolio  of  crops, 
including  energy  crops,  that  a  particular  farmer 
chooses  to  grow. 

Strategies  to  encourage  bioenergy  crop  adop¬ 
tion  might  include  the  following: 

rnDemonstrations,  Local  demonstrations  would 
allow  area  farmers  to  observe  first-hand  what 
works  and  what  does  not  and  thus  provide  some 
familiarity  with  the  technology  in  the  local  con¬ 
text.  Demonstrations  are  similarly  important 
for  bioenergy  feedstock  users  such  as  fuel  pro¬ 
ducers  (chapter  4)  or  electricity  generators 
(chapter  5). 

I  Long-term  contracts.  The  development  of 
long-term  contracts  with  local  feedstock  users, 
such  as  electric  powerplants  or  ethanol  produc¬ 


ers,  would  provide  greater  market  certainty  to 
the  farmer  (see  below), 

I  Business  plans.  The  development  and  demon¬ 
stration  of  high-quality  business  plans  and  re¬ 
lated  supporting  materials  might  improve  the 
credit  worthiness  of  bioenergy  cropping  and  as¬ 
sist  farmers  in  gaining  needed  financial  sup¬ 
port. 

Competitor  Prices 

As  noted  in  chapter  1,  fossil  fuel  prices  are  very 
low  and  can  be  quite  volatile.  These  factors  make 
it  difficult  to  compete  against  fossil  fuels  in  the 
near  term  and  increase  the  risk  of  long-term  in¬ 
vestments  in  alternative  energy  systems.  Strate¬ 
gies  for  dealing  with  low  fossil  fuel  prices  and 
high  volatility  might  include  the  following: 

•RD&D.  Maintaining  stable  long-term  RD&D 
programs  in  bioenergy  crops  irrespective  of 
low  or  volatile  energy  prices  might  allow  more 
rapid  development  of  competitive  bioenergy 
crop  and  energy  conversion  technologies. 
uNonmarket  values.  Recognizing  and  valuing 
the  potential  environmental  and  energy  diversi¬ 
ty  benefits  of  bioenergy  crops  could  improve 
their  competitiveness.  Environmental  benefits 
potentially  include  reducing  soil  erosion,  im¬ 
proving  water  quality  by  reducing  sedimenta¬ 
tion  and  agrichemical  runoff  or  leaching  from 
adjacent  food  and  feed  crops,  improving  air 
quality,  reducing  the  emission  of  greenhouse 
gases,  and  providing  habitat  benefits.  Energy 
crops  might  be  used  to  help  restore  degraded 
lands,  providing  some  financial  incentive  to 
plant  and  maintain  the  land.^  Energy  diversity 
benefits  result  from  increasing  the  variety  of 
energy  resources  that  can  be  tapped  and  thus 
limiting  the  dependence  on  any  one  resource 
(see  chapter  6).  Approximate  values  for  these 
benefits  might  then  be  incorporated  through 


IT  @  degraded  lands,  yields  are  likely  lo  be  lower.  Remaining  economically  competitive  with  low  yields  may  then  necessitate  valuation  Of 
some  of  the  environmental  or  other  benefits  that  the  energy  crop  offers. 
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various  environmental  taxes  on  fossil  fuels 
and/or  credits  for  biofuels.  When  even  crude  fi¬ 
nancial  valuations  of  these  benefits  (s  prove  diffi¬ 
cult,  techniques  such  as  point  systems  or 
competitive  set-asides  may  be  useful  (see  chap¬ 
ter  6). 

»  Federal  supports.  The  competitiveness  of 
bioenergy  crops  might  be  improved  by  includ¬ 
ing  a  portion  of  the  federal  soil  conservation 
and/or  agricultural  commodity  support  pay¬ 
ments  that  would  be  offset  by  producing  the 
bioenergy  crop.  Properly  structured,  it  might 
then  be  possible  to  make  th"  bioenergy  crop 
competitive,  improve  farmer  income,  and  re¬ 
duce  federal  agricultural  expenditures.  Careful 
examination  of  the  potential  costs  and  benefits 
of  such  an  approach  is  needed. 

Production  Scaieup 

As  noted  in  chapter  1,  a  key  difficulty  faced  by 
many  new  technologies  is  the  chicken- and- egg 
problem  of  developing  a  market.  In  the  case  of 
biomass  energy,  farmers  cannot  afford  to  grow 
biomass  unless  electric  power  or  fuel  conversion 
facilities — g,,,,  producing  electricity  and  liquid 
fuels — are  in  place  to  purchase  it.  Conversion  fac¬ 
ilities  cannot  be  built  unless  the  biomass  feed¬ 
stock  is  available  at  a  reasonable  price  and  an 
end-use  market  is  ready.  An  end-use  market  is  dif¬ 
ficult  to  develop  without  assi  supplies  of  fuel. 

Strategies  to  enable  production  sraleup  might 
include  the  following: 

wNiche  markets.  Niche  markets  for  bioenergy 
crops  might  include  cofiring  biomass  with  coal 
in  conventional  power-plants.  Cofiring  works 
well  for  perhaps  up  to  5  to  15  percent  wood  in¬ 
put  into  the  powerplant  fuel  mix.  Cofiring  is 
also  a  means  for  utilities  to  reduce  their  emis¬ 
sion  of  SOx.  Cofiring  can  provide  an  early  mar¬ 
ket,  begin  the  development  of  biomass 
infrastructure,  and  provide  electric  utilities 
with  early  experience  in  procuring,  transport¬ 
ing,  and  using  biomass.  As  a  substitute  for  coal 


in  a  conventional  powerplant,  however,  the  de¬ 
livered  costs  of  bioenergy  should  be  roughly 
comparable  to  those  of  coal,  limiting  the  quan¬ 
tity  of  biomass  that  can  be  tapped  economical¬ 
ly.  Credits  for  SO^  reduction  may  improve 
these  economics.  (See  also  chapters  4  and  5.) 

■  Partnerships,  As  noted  above,  long-term  con¬ 
tracts  might  be  developed  between  farmers  and 
end  users  such  as  electric  utilities,  ethanol/ 
methanol  producers,  or  others  such  as  pulp  and 
paper  producers.  This  would  provide  greater 
certainty  to  both  partners.  The  high  levels  of 
capital  investment  required  of  feedstock  users 
might  also  encourage  them  to  be  the  prime 
movers  of  such  a  strategy.  Such  partnerships 
may  also  help  address  the  •  ’nuisance”  factor  of 
needing  numerous  (small)  contracts  to  provide 
sufficient  feedstock. 

■  Multiple  uses.  Bioenergy  crops  might  best 
serve  a  variety  of  end  uses  simultaneously.  In 
particular,  the  initial  establishment  of  bioener¬ 
gy  crops  might  be  assisted  by  coupling  energy 
production  with  higher  value  uses  of  the  feed¬ 
stock.  For  example,  an  energy  crop  might  be  es¬ 
tablished  initially  to  serve  a  higher  value 
purpose  such  as  the  production  of  pulp  and  pa¬ 
per  and  only  secondarily  for  energy  .78  The  ex¬ 
perience  gained  through  such  multiple  uses 
may  provide  a  foundation  for  further  energy 
crop  development  and  cost  reductions. 

Bioenergy  crops  will  naturally  move  to  their 
highest  value  use.  This  might  be  as  a  transport 
fuel,  as  a  baseload  backup  to  intermittent  re¬ 
newable,  for  industrial  chemicals  or  fiber,  or 
perhaps  for  environmental  benefits.  Evaluating 
more  completely  the  full  range  of  costs  and 
benefits  for  each  potential  use  of  bioenergy 
crops,  including  budget  and  trade  balance  im¬ 
pacts.  across  the  entire  production  and  use 
cycle  would  be  an  important  next  step  in  deter¬ 
mining  the  potential  competitiveness  of  these 
crops  vis-a-vis  various  competing  uses  of  the 
land  and  other  sources  of  energy. 


if  SRWCs  arc  used  for  pulp  and  paper,  roughlv  25  to  -40  percent  the  harvested  biomas.s  vvould  be  available  for  encr»>  use. 
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Eight-year  old  hybrid  poplars  grown  by  James  River  Corp.  in 
Oregon  These  fast-growing  trees  can  be  harvested 
repeatedly  and  regrow  from  the  stump  More  than  25,000 
hectares  (62,000  acres)  of  these  trees  have  been  established 
in  the  Northwest  to  provide  both  fiber  and  energy 

Studies  of  how  best  to  address  these  issues 
might  be  conducted  in  parallel  with  demonstra¬ 
tions. 

Leveling  the  Playing  Field 

Existing  soil  conservation  and  commodity  sup¬ 
port  programs,  as  well  as  other  factors,  may  dis¬ 
courage  financial  investment  in  alternatives  such 
as  energy  crops.  The  extent  to  which  this  occurs 
needs  to  be  examined  and  is  an  important  area  for 
further  analysis. 

Infrastructure  Development 

A  wide  range  of  infrastructure  development  is  re¬ 
quired  to  support  bioenergy  programs.  This  in¬ 
cludes,  in  particular,  harvesting  and  transport 
equipment,  energy  conversion  facilities  (electric¬ 
ity  generation,  ethanol  production),  energy  trans¬ 
mission  (high-voltage  electric  power  lines)  and 
transport  (pipelines  or  tanker  trucks)  systems,  fi¬ 


nancial  services,  extension  services,  trained  man¬ 
power,  and  many  others. 

Much  of  this  infrastructure  will  develop  with 
the  industry.  In  some  cases,  however,  existing  in¬ 
frastructure — such  as  electricity  transmission  sys¬ 
tems  or  liquid  or  gaseous  fuel  pipelines — might 
be  used  effectively  if  plants  can  be  sited  appropri¬ 
ately.  Geographic  information  systems  could  as¬ 
sist  such  analysis. 

POLICY  OPTIONS 

Several  economic  incentives  and  other  supports 
of  biomass  fuels  are  already  law  (box  2-1;  table 
2-1  ).  These  supports  target  primarily  the  transport 
fuel  and  electricity  sectors,  however,  and  tend  to 
ignore  the  substantial  market  challenges  at  the 
crop  production  stage.  As  a  consequence,  a  signif¬ 
icant  share  of  the  near-  to  mid-term  opportunities 
for  producing  and  using  biomass  energy  might  not 
be  realized  because  of  the  market  challenges  de¬ 
scribed  above  and  current  resource  constraints. 
There  has  been  a  significant  increase  in  overall 
program  support  for  bioenergy  in  recent  years.^^ 
Bioenergy  crop  development  is,  however,  a  small 
portion  of  the  total.  For  feedstock  development, 
the  fiscal  year  1995  budget  is  about  $4.6  million  in 
.  1992  dollars. 

Under  current  funding  levels,  the  ability  to  de¬ 
velop  and  demonstrate  energy  crops  and  related 
harvesting  and  transport  hardware  is  quite  limited. 
Development  of  high-productivity  crop  species 
currently  accounts  for  about  half  of  the  Depati- 
ment  of  Energy  (DOE)  feedstock  development 
funding.  With  total  costs  for  developing  a  single 
feedstock  species  in  a  single  region  of  about  $1 
million  per  year,  feedstock  development  has  been 
limited  to  poplar  at  three  centers^*’ and  switch- 
grass  at  two  centers’*'— even  with  heavy  cost¬ 
sharing  with  the  private  sector,  states,  and  others. 
At  present  funding  levels,  detailed  feedstock  de¬ 
velopment  is  not  taking  place  on  other  tree  spe- 


Wmos.  of  this  fumlinj!  is  for  fceasiockaip.version  processes  s»ch  as  lign.KclIuiosc  to  ethanol  (ch.4)or  electricity  generation  (ch.S). 

^^‘l.f>catcd  in  [he  pacific  Norlhwcsi.  ilie  Miclwcsi,  and  the  Southeast. 

8 1  Located  in  the  M  idwest  and  the  Southeast, 
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cies,  such  as  silver  maple,  black  locust,  sycamore, 
and  sweetgum,  and  on  grass  species,  such  as  big 
bluestem  and  wheatgrass.  Funding  levels  of  per¬ 
haps  $6  million  to  $10  million  (  1992  dollars)  over 
an  extended  period  (e.g.,  10  to  15  years)  would 
provide  adequate  to  good  species  development  for 
the  various  regions  (see  below). 

Current  DOE  funding  levels  provide  essential¬ 
ly  no  support  for  the  development  of  harvesting 
and  transport  hardware.  Since  these  activities 
constitute  a  significant  fraction  of  bioenergy  crop 
costs,  development  of  high-performance  hard¬ 
ware  is  essential  if  costs  are  to  be  reduced  to  more 
widely  competitive  levels.  Funding  of  $1  million 
to  $2  million  per  year  over  an  extended  period 
(five  year  or  more)  maybe  sufficient  to  catalyze 
private  sector  interest  and  cost-sharing  to  develop 
such  hardware. 

Substantial  field  demonstration  and  environ¬ 
mental  monitoring  of  these  energy  crops  will  be 
needed,  at  a  scale  sufficient  to  demonstrate  the 
performance  and  characteristics  of  a  fully  func¬ 
tioning  crop  production,  infrastructure,  and  feed¬ 
stock  conversion  system.  Such  demonstrations 
may  be  needed  at  some  level  for  each  species  and 
region.  As  an  example,  a  dedicated  50-MW  pow- 
erplant  will  require  production  from  perhaps 
20,000  hectares  (50,000  acres)  of  energy  crops.  At 
a  typical  cost  for  crop  establishment  of  $740/hec- 
tare  ($300/acre),  this  will  have  front-end  cost  of 
$15  million,  not  including  the  powerplant  (see 
chapter  5).  The  private  sector  would  share  the  cost 
of  the  demonstration,  and  a  portion  of  the  funds 
will  also  be  recovered  with  the  sale  of  electricity 
or  fuel  from  the  faci  lit  y.  To  reduce  risk  further,  ear¬ 
ly  demonstrations  could  be  limited  to  obtaining  15 
to  30  percent  of  their  fuel  needs  from  biomass;  the 
rest  could  be  obtained  from  natural  gas  or  coal. 


Environmental  monitoring  of  such  demonstra¬ 
tions  will  also  be  needed,  with  costs  running  into 
several  million  dollars  per  year,  to  monitor  species 
such  as  birds  and  mammals,  soil  quality,  ground- 
water  quality  and  quantity,  and  landscape-level 
impacts. 

Thus,  while  the  current  funding  level  provides 
support  for  the  detailed  development  of  a  single 
tree  and  a  single  grass  species;  it  does  not  support 
significant  development  of  key  harvesting  and 
transport  hardware,  and  it  supports  only  minimal¬ 
ly  the  field  demonstration  and  environmental 
monitoring  of  these  crops.  As  a  con^^quenc.,  the 
development  of  energy  crops  is  likely  to  be  rela¬ 
tively  slow  and  haphazard,  and  several  current  or 
near-term  cost-effective  applications  of  bioenerg  y 
are  unlikely  to  be  captured.  These  include  some 
coal  cofiring  and  biomass-fired  electricity-gen¬ 
eration  opportunities.  A  significant  demonstra¬ 
tion  program  would  give  farmers,  electricity 
sector  planners,  financiers,  and  regulators  the  con¬ 
fidence  to  move  these  biomass-fueled  systems 
forward. 

To  the  extent  that  current  funding  fails  to  fully 
capture  the  cost-effective  use  of  bioenergy  crops, 
it  misses  the  opportunity  of  using  these  crops  to 
offset  federal  budget  expenditures  for  soil  con¬ 
servation,  commodity  support,  and/or  crop  insur¬ 
ance.**^  Maximizing  cost-effectiv^  production  and 

u^e  of  energy  crops  coula  also  improve  the  rural 
economy  and  generate  jobs,  while  reducing  envi¬ 
ronmental  problems  such  as  soil  erosion  and  emis¬ 
sions  of  greenhouse  gases. 

The  development  and  demonstration  of  these 
energy  crops  can  also  reduce  farmers’  risks  by  di¬ 
versifying  their  crop  portfolios  and  providing 
more  robust  crops  for  flood-  or  drought-prone  re- 


^^For  example,  current  monitoring  of  the  environment]  impacts  of  several  small  400-heclai*e  (  K(HXUcrcsiaS{ol5plots’lsilcscosts  about 
$200,000  to  $300,000  per  year  Scalcupby  a  factor  of  15  to  25  to  a  demonstration  systemof  20.(X)0hcct arcs  uouid  not  increase  costs  comn\cn- 
suraiely  because  only  portions  of  this  area  would  have  to  be  sampled.  There  would.  howc\  or.  be  additional  envii  onmental  monitoring  costs 
associated  with  landscape-level  impacts  on  habitat  diversity  and  other  factors. 

extent  t.  which  these  budget  expenditures  actually  occur  will  depend  strongly  on  the  impact  of  trade  agreements— the  Uruguay 
Round  of  GAIT  and  NAFTA-and  many  other  factors. 
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Harvesting  hybrid  poplars  at  the  James  River  Corp.  in 
Oregon,  using  a  "feller  buncher  " 


gions.  Energy  crops  may  similarly  reduce  national 
energy  risks  by  diversifying  the  national  energy 
portfolio.  For  example,  large-scale  use  of  these 
energy  crops  could  offer  a  mid-  to  long-term  alter¬ 
native  to  imported  oil. 

To  capture  high-leverage  opportunities  to  sig¬ 
nificantly  expand  the  production  and  use  of 
bioenergy,  it  would  be  necessary  to  increase  ex¬ 
penditures  to  some  extent.  For  example,  crop  de¬ 
velopment  support  could  be  increased  to  $6 
million  per  year  (1992  dollars),  providing  at  least 
$1  million  per  year  for  harvesting  and  transport 
hardware  development,  and  supporting  several 
larger  scale  demonstration  and  environmental 
monitoring  efforts.  This  funding  would  necessari¬ 
ly  be  leveraged  against  private  sector  supports  to 
carry  out  these  efforts  adequately. 

These  costs  should  be  balanced  against  poten¬ 
tial  savings  in  federal  expenditures  in  areas  such 
as  soil  conservation,  commodity  support,  and 
crop  insurance  programs.  The  timing  and  magni¬ 
tude  of  these  potential  costs  and  savings,  however, 
•depend  on  numerous  technical,  economic,  and 
institutional  factors  and  remain  to  be  determined. 

The  1995  Farm  Bill  may  be  a  potentially  useful 
vehicle  for  addressing  many  of  the  policy  options 
involving  higher  expenditures  than  current  levels, 
which  are  described  below.  Among  other  options, 


a  title  might  be  included  within  the  Farm  Bill  that 
focuses  on  energy  crop  RD&D,  planning,  com¬ 
mercialization,  information,  crop  insurance,  and 
other  programs.  Attention  could  also  be  given  to 
joint  programs  between  associated  departments 
and  agencies,  such  as  DOE,  the  Department  of 
Agriculture,  and  the  Environmental  Protection 
Agency. 

Policies  that  could  be  considered  as  part  of  a 
bioenergy  development  strategy  are  listed  below. 
RD&D  programs  might  include  the  following: 

•  Collaborative  research,  development,  and 
demonstrations.  Continuing  and  expanded 
support  could  be  provided  for  high-leverage 
RD&D  opportunities  across  the  breadth  of  crop 
production,  harvesting,  transport,  environmen¬ 
tal  impacts,  and  other  aspects  discussed  above. 
These  efforts  may  be  significantly  leveraged  to 
the  extent  that  they  can  be  conducted  in  collab¬ 
oration  with  private  organizations,  and  they 
could  include  the  development  of  multiuse 
crops  to  reduce  farmer  risk.  In  addition,  this 
might  include  analysis  of  the  potential  infra¬ 
structure  development  requirements  and  eco¬ 
nomic  impacts  of  large-scale  energy  cropping. 
Various  forms  of  support,  particularly  through 
cooperative  efforts  with  the  private  sector, 
could  be  provided  for  a  variety  of  biomass  elec¬ 
tric  or  transport  fuel  project  demonstrations. 

Planning  and  information  programs  include: 

Planning.  Support,  including  the  development 
of  geographic  information  systems  and  other 
tools,  could  be  developed  in  cooperation  with 
state  and  local  governments  to  establish  a  local 
and  regional  landscape  planning  capability  for 
optimal  design  of  energy  crops.  Support  could 
also  be  provided  for  the  development  of  local 
approaches  that  minimize  possible  environ¬ 
mental  or  other  impacts  of  energy  crops.  Some 
work  in  this  area  is  now  beginning  and  could  be 
strengthened. 

■  Information  programs.  Information  programs, 
including  extension  efforts  to  farmers,  electric 
utilities,  financiers,  and  others,  might  be  ex¬ 
panded.  Conversely,  much  information  could 
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be  gathered  from  farmers  so  as  to  better  design 
biocnergy  programs.  Current  funding  for  in¬ 
formation  and  a  number  of  other  activities 
through  the  Regional  Biomass  Program  is 
about  $4  million  per  year.  These  programs  con¬ 
duct  regional  biomass  resource  assessments, 
facilitate  technology  transfer  to  the  private  sec¬ 
tor,  support  public-private  projects,  and  assist 
other  activities.  As  their  scope  and  outreach  ac¬ 
tivities  increase,  greater  support  will  be  needed 
for  these  and  related  programs.  In  certain  cases, 
however,  it  may  be  possible  to  capture  some 
savings  by  combining  these  with  other  agricul¬ 
tural  information  and  planning  programs. 

Bioenergy  programs  might  complement  exist¬ 
ing  agricultural  programs  as  follows: 

■  Conservation  Rrserve  Program  lands.  Con¬ 
tracts  on  CRP  lands  begin  to  expire  in  1995.  If 
Congress  decides  to  alter  the  CRP,  consider¬ 
ation  might  be  given  to  achieving  a  transition 
to  bioenergy  cropping  on  some  of  these  lands 
in  order  to  reduce  federal  CRP  expenditures 
while  increasing  farm  income  and  minimizing 
farmer  risk.  This,  together  with  commodity 
support  and  insurance  program  considerations 
listed  below,  represents  a  key  opportunity  that 
requires  further  analysis. 

Commodity  support  programs.  Energy  crops 
might  be  considered  as  substitutes  for  program 
crops  with  a  modified  or  transitional  payment 
schedule  so  as  to  reduce  federal  expenditures 
and  farmer  risk,  while  allowing  the  farmer  to 
maintain  or  increase  income  through  energy 
crop  sales.  Additional  flexibility  in  commodity 
support  programs  might  also  be  considered  to 
allow  the  growth  of  energy  crops  without  pen¬ 
alty  or  risk  to  the  farmer’s  enrollment  in  other 
farm  programs. 

■  in.surance  programs.  Federal  crop  and  other  in¬ 
surance  programs  for  flood,  drought,  and  other 
natural  disasters  might  be  examined  to  deter¬ 
mine  if  biocnergy  crops  offer  a  lower  risk  alter¬ 
native  to  conventional  agricultural  crops  in 


particular  areas.  If  so,  growers  in  high-risk 
areas  might  be  encouraged  to  switch  to  these 
crops. 

Finance  and  commercialization  programs 

could  include  the  following: 

•  Partnerships.  Mechanisms  for  brokering  or  le¬ 
veraging  partnerships  between  bioenergy 
growers  and  users  might  be  examined,  includ¬ 
ing  modest  financial  or  institutional  support 
from  the  federal  government  in  early  demon¬ 
stration  or  commercialization  efforts.  Pailner- 
ships  are  also  examined  in  chapters  4  and  5. 

•  E.xtemality  taxes  and  incentives.  Mechanisms 
for  recognizing  and  valuing  the  potential  envi¬ 
ronmental  and  energy-diversity  benefits  of 
bioenergy  crops  might  be  examined,  including 
appropriate  financial  credits,*^ points  or  other 
value  systems  for  including  environmental  and 
other  potential  bioenergy  benefits  when  choos¬ 
ing  technologies  for  expanding  electricity  y 
capacity,  and  green  set-asides.  These  mecha¬ 
nisms  are  examined  in  chapter  6  for  the  electric¬ 
ity  sector.  Such  considerations  could  allow 
bioenergy’s  range  of  costs  and  benefits-in- 
cluding  environmental — to  be  considered 
more  fully  in  comparison  with  those  of  con\’  en- 
tional  energy  systems. 

»  Energy  production  credits.  The  National  Ener¬ 
gy  Policy  Act  of  1992  established  a  1.50/kWh 
energy  product  ion  tax  credit  for  electricity  y  gen¬ 
eration  with  closed-loop  bioenergy  crops.  This 
credit  is  available  only  for  plants  placed  in  ser¬ 
vice  before  July  1,  1999.  Because  of  the  long 
lead  times  required  to  establish  many  energy 
crops,  such  as  SRWCs,  and  powerplants,  few 
will  be  able  to  make  use  of  this  tax  credit.  Con¬ 
gress  might  consider  extending  the  period  of 
eligibility  sufficiently  for  such  closed-loop 
systems  to  be  fully  tested  and  markets  to  be 
initiated. 

•  Federal  procurement.  The  federal  government, 
including  the  Power  Marketing  Authorities, 
could  establish  bioenergy  power  facilities 


^•\AUcmaitvcly,  various  combimiticms  ()f  social  cost  luxes  on  conveiuionu!  energy  resources  niighi  bo  considered  tsee  ch.  6), 


WtAWftCN  GfiETZ  f^ATIONAL  RENEWABLE  ENERCr  LABORATORY 


64  I  Renewing  Our  Energy  Future 


Wheelabrator  biomass  electric  plant  in  Mt  Shasta,  California. 


where  cost-effective  or  near-cost-effective  bio¬ 
mass  supplies  might  be  obtained.  These  could 
serve  as  useful  demonstrations  and  provide 
valuable  design  and  scaleup  data  for  commer¬ 
cial  efforts.  Federal  procurement  complements 
the  above  policy  tools  by  being  a  more  direct 
mechanism  for  initiating  bioenergy  projects. 

A  strategy  involving  higher  levels  of  funding 

could  include  the  following  elements: 

•  Financial  mechanisms.  Innovative  financial 
mechanisms  might  be  examined  that  reduce 
farmers’  risks  in  shifting  to  energy  crops  while 
minimizing  public  costs.  These  could  include 
interest  rate  buydowns,  cost-sharing,  longer 
term  farmer-feedstock-user  contracts  or  risk¬ 
sharing  agreements,  or  explicit  codevelopment 
of  bioenergy  with  the  expansion  of  pulp  and  pa¬ 
per  or  other  facilities.  For  utilities,  this  might 
also  include  safe  harbor  rules,  cofiring  of  bio¬ 
mass  with  coal  to  provide  SO^  reductions,  rec¬ 
ognition  of  fuel  diversity  benefits,  and 
competitive  set-asides  for  biomass  energy  (see 
chapter  6).  Many  of  these  would  be  private  ini¬ 
tiatives  with  modest  federal  support.  The  rela¬ 
tive  costs  and  benefits  of  such  mechanisms 
need  to  be  evaluated  to  determine  which  are  the 
most  cost-effective. 

•  Competitor  pricing.  Mechanisms  might  be 
considered  to  protect  an  embryonic  biomass 
energy  industry  from  short-term  fossil  fuel 


price  drops  below  certain  thresholds.  Effective¬ 
ly,  this  would  be  the  bioenergy  counterpart  to 
agricultural  commodity  support  programs. 
Again,  the  relative  costs  and  benefits  of  such 
mechanisms  would  have  to  be  evaluated, 
mechanisms  to  minimize  and  cap  costs  ex¬ 
plored,  and  means  developed  for  ensuring  their 
phaseout  within  a  reasonable  period. 

The  multiplicity  of  sectors  affected  by  energy 
crops— e.  g.,  agriculture,  energy,  environment, 
forestry — eposes  a  substantial  and,  in  some  ways, 
unique  institutional  challenge  in  developing  co¬ 
herent  policy  goals,  processes,  and  effective  coor¬ 
dination.  For  any  bioenergy  strategy,  effective 
means  of  communication  and  policy  coordination 
among  the  many  institutional  and  private-sector 
participants  are  required. 

CROSSCUTTING  ISSUES 

Integrating  biomass  crops  with  energy  conversion 
facilities  and  end  uses  requires  careful  consider¬ 
ation  of  total  fuel  cycle  cost,  performance,  envi¬ 
ronmental  impacts,  and  other  factors,  Current 
bioenergy  crop  and  conversion  systems  already 
show  considerable  promise  in  simultaneously 
providing  energy,  economic,  and  environmental 
benefits. 

In  the  longer  term,  additional  gains  maybe  pos¬ 
sible  with  advanced  bioenergy  crop  and  conver¬ 
sion  systems,  although  much  research  remains  to 
be  done.  Compared  with  monoculture,  for  ex¬ 
ample,  polycultures  may  provide  more  wildlife 
habitat  benefits  as  well  as  other  possible  environ¬ 
mental  benefits.  If  polycultures  are  pursued,  ener¬ 
gy  conversion  technologies  such  as  gasifiers  may 
then  be  preferred  for  their  ability  to  easily  handle  a 
variety  of  input  feedstocks.  In  turn,  gasifiers  are 
better  suited  to  the  production  of  methanol  than 
ethanol,  and  methanol  may  allow  the  use  of  low- 
temperature  steam  reformers  and  proton  exchange 
membrane  fuel  cells  to  power  transport  (chapter 

4). 

Conversely,  advances  in  solid  oxide  fuel  cells 
may  encourage  the  use  of  ethanol  for  transport. 
Capturing  the  habitat  benefits  of  polycultures  may 
then  require  further  research  on  the  enzymatic  hy  - 
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drolysis  of  polyculture  feedstocks.  Chapter  4  ex¬ 
amines  some  of  these  alternative  technology  paths 
for  transport,  including  fuel  cells  and  internal 
combustion  engine  hybrids.  At  this  early  stage,  it 
is  important  that  a  broad  portfolio  of  energy  crop 
and  conversion  technology  RD&D  and  environ¬ 
mental  analysis  be  maintained. 

The  extent  to  which  such  paths  can  be  pursued 
depends  strongly  on  the  relative  long-term  eco¬ 
nomics  of  bioenergy  polycultures  versus  mono¬ 
cultures,  the  value  placed  on  habitat  and  other 
benefits,  and  the  means  by  which  these  are 
weighed  against  the  economic  or  environmental 
costs  and  benefits  of  agricultural  crops  and/or  fos¬ 
sil  fuels.  These  long-term  questions  should  not 
obscure  the  potential  benefits  of  currently  con¬ 
ceived  monoculture  energy  crops, 

CONCLUSION 

Energy  crops  may  help  address  some  of  our  na¬ 
tional  energy,  economic,  and  environmental  prob¬ 
lems.  Depending  on  the  direction  of  global 
agricultural  markets,  they  can  potentially  provide 


a  significant  amount  of  energy,  perhaps  20  EJ  (19 
quads)  or  more— equivalent  to  one-quarter  of  cur¬ 
rent  U.S.  energy  use.  The  y  have  potential  environ  - 
mental  benefits  compared  with  conventional 
agricultural  crops.  Energy  crops  are  no  substitute, 
however,  for  natural  habitats  on  contiguous  land¬ 
scapes.  The  regional  impacts  of  energy  crops  will 
be  mixed.  Not  all  crops  can  be  readily  grown  ev¬ 
erywhere.  The  overall  national  economic  and  job 
impacts  of  bioenergy  cropping  may  be  quite  posi¬ 
tive,  particularly  for  rural  areas. 

Energy  crops  thus  show  promise  to  help  meet 
several  national  needs — conomic,  environmen¬ 
tal,  budgetary,  and  national  security.  The  extent  to 
which  the  potential  of  bioenergy  can  be  realized 
will  depend  on  how  well  the  many  competing  eco  - 
nomic/environmental.  rural/urban,  and  other  in¬ 
terests  can  be  balanced.  Realizing  this  potential 
will  require  a  long,  dedicated  effort  in  terms  of 
research,  development,  demonstration,  and  com- 
mcrcializaticm  of  these  technologies.  Implement¬ 
ing  large  scale  bioenergy  programs  without  such  a 
foundation  could  damage  the  environment  and  re¬ 
duce  potential  economic-  or  other  benefits. 


Residential 

and 

Commercial 

Buildings 


R  evidential  and  commercial  buildings  in  the  United  States 
use  about  $180  billion  worth  of  energy  per  year  for  space 
heating  and  cooling,  lighting,  water  heating,  and  other  en¬ 
ergy  services.  Passive  solar  architecture,Maylighting, 
and  certain  other  renewable  energy  technologies  (RETs)  can  cost- 
effectively  reduce  energy  use  in  new  buildings  by  15  to  20  per¬ 
cent.  Together  with  energy  efficiency  improvements,^  these 
technologies  can  provide  roughly  50  percent  energy  savings  in 
new  buildings  compared  with  their  conventional  counterparts 
(see  figure  3-1 ).  These  RETs  can  save  money,  reduce  the  need  for 
new  energy  supplies,  and  provide  substantial  environmental 
benefits. 

I  What  Has  Changed? 

In  the  early  1970s,  energy  was  not  a  very  important  consideration 
in  building  design  or  operation.  Relatively  little  was  known  about 
building  energy  flows,  market  challenges  to  use  of  RETs,  or  effec¬ 
tive  policy  responses.  Following  the  1973-74  oil  embargo,  build- 


J  U  s  Department  of  Energy,  Energy  Information  Administration,  Annual  Energy  Re- 
DOE^EiA *0384(93)  (Washington,  DC:  July  1994),  pp.  55,  77. 

2a  more  descriptive  term  is  buildinf^’- integrated  solar  energy,  but  the  traditional  term 
passive  solar  is  used  here. 

comparison,  previous  work  by  the  Office  of  Technology  Assessment  showed  that 
cost-effective,  commercially  available  efficiency  improvements  by  themselves  could  re¬ 
duce  new  building  energy  use  to  two-thirds  that  of  conventional  buildings.  When  the  pro¬ 
visions  of  the  Energy  Policy  Act  of  1992  are  fully  implemented,  a  portion  of  these  efficien¬ 
cy  improvements  will  be  captured.  See  U.S.  Congress,  Office  of  Technology  Assessment, 
Building  Energy  Efficiency,  OTA-  E-5 18  (Washington,  DC:  U.S.  Govenunent  Printing  Of- 

fice,  May  1992);  “Energy  Policy  Act  of  1992,”  Conference  Report  102-1018,  Oct.  5, 
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FIGURE  3-1 ;  Energy  Savings  and  Additional 
Construction  Costs  of  Passive  Solar  Designs 
Compared  with  Conventional  Forms 
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D  Energy  savings  _  Additional  cost 


Residential  Commercial  lEA 


NOTE  Average  energy  savings  are  depicted  for  20  residential  build¬ 
ings  and  12  commercial  buildings  studied  in  the  United  Slates  as  well 
as  40  buildings  studied  by  the  International  Energy  Agency  The  build¬ 
ings  were  experimental  models  use  of  the  data  obtained  from  these 
studies  now  allows  better  performance  and  lower  costs  than  those 
shown  here 

SOURCES  Solar  Energy  Research  Institute  Passive  Solar  Homes  20 
Case  Studies  SERI/SP-271  -2473  (Golden,  CO  December  1984),  Burt 
Kosar  Rittelmann  Associates  and  Min  Kantrowifz  Associates  Commer¬ 
cial  Vuilding  Design  Integrating  Climate,  Comfort,  and  Cost  (NewYork 
NY  Van  Nostrand  Reinhold  Co  1987)  and  International  Energy 
Agency  Passive  and  Hybrid  Solar  Commercial  Buildings  Basic  Case 
Studies,  Task  XI  (Washington  DC  U  S  Government  Printing  Off  Ice 
1992) 

ing  energy  research,  development,  and  demon¬ 
stration  (RD&D)  was  launched  in  parallel  with 
supports  such  as  tax  credits  for  commercializing 
largely  unproven  technologies.  Much  was  learned 
from  both  the  failures  and  the  successes  that  fol¬ 
lowed. 


Two  decades  later,  we  now  have  a  substantial 
base  of  proven  technologies  and  practical  policy 
experience  of  what  works  and  what  does  not. 
Many  valuable  technologies  are  in  the  RD&D 
pipeline.  The  design  and  construction  of  well-per¬ 
forming  passive  solar  buildings  have  been  conclu¬ 
sively  demonstrated.  Window  technology  has 
improved  dramatically  in  recent  years  as  multiple 
glazings,  low-emissivity  coatings,  and  other 
technologies  have  penetrated  the  market:  further 
improvements  such  as  gas-  filled'"  glazings  are 
now  appearing.  Sophisticated  lighting  controls 
that  integrate  artificial  lights  with  dayhght  are 
now  available  commercially.  Improved  materials 
and  designs  are  appearing  in  solar  water  heaters. 
These  are  only  a  few  of  the  many  advances.  Some 
estimate  that  more  than  200,000  residential  and 
15.000  commercial  buildings  using  passive  archi¬ 
tecture  have  been  builfand  1.8  million  solar  wa¬ 
ter  heaters  have  been  produced.*^  Although  there 
arc  serious  market  challenges  hindering  adoption 
of  these  technologies,  they  are  now  better  under¬ 
stood  and  policies  have  been  developed  to  deal 
with  them  (see  box  3-1  ).  Many,  however,  still  pri¬ 
marily  remember  the  frequent  overselling  of  the 
technology  during  the  1970s  and  early  1980s. 

I  Potential  Roles 

The  residential  and  commercial  sectors  use  rough¬ 
ly  35  percent  of  U.S,  primary  energy  and  65  per¬ 
cent  of  U.S.  electricity  (see  box  3-2).  In  addition  to 
potential  direct  energy  and  financial  savings  to  the 
building  owner, ^  incorporating  RETs  for  space 
heating  and  cooling,  water  heating,  and  daylight¬ 
ing  may  shift  and  or  reduce  peak  loads  on  utilities, 
potentially  providing  important  demand-side 
management  (DSM)  benefuts  and  cost  savings  for 
the  utility.  Reducing  fossil  energy  use  can  also 
provide  environmental  benefits. 


■^Including  either  argon  or  krypton. 

Balcomb  (cd,),  Passive  Solar  Buildings  (Cambridge,  MA:  MIT  press.  1992). 

^Kenneth  O.  ShcinkofT  Progress  in  Solar  Pnerg  y  7e<  hnologies  and  Applications:  An  Authoriiutive  Reviei\  (Boulder,  C.O.  American  Solar 
Energy  Society,  January  1994). 

^Wheretime-of-uscnocieringivused,  the  building  ownermay  capture  some  of  the  demand-side  management  peak  load  reduction  benefiis. 
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BOX  3-1:  National  Policy  Influencing  Renewable  Energy  Use  in  Buildings 


Several  federal  acts  currently  Influence  the  use  of  RETs  in  buildings  Section  912  of  the  Housing  and 
Community  Development  Act  of  1992’ established  the  Solar  Assistance  Financing  Entity  (SAFE)  to  help 
finance  the  use  of  renewable  and  energy-efficient  technologies  in  buildings.  This  law  also  established  the 
energy-efficient  mortgage  pilot  program  under  sections  513  and  914 

The  Energy  Policy  Act  of  19922  requires  consideration  of  RETs  in  energy  standards  for  new  federal 
buildings,  in  residential  energy  efficiency  guidelines,  in  lighting,  and  in  the  energy-efficient  mortgage  pilot 
program 

Many  other  programs,  including  Community  Development  Block  Grants  and  Comprehensive  Housing 
Assistance  Plans,  Influence  energy  use  In  buildings  and  might  greate  greater  consideration  to  RETs  in  the 
future 


'U  S  Congress  House  of  Representatives  Hovsinq  Cx)rnnun>ty  OfiVK^hffrreni  Act  >::!  Conference  Report  102-1017 
r/vashington  DC  U  S  Government  Pnrfrirg  Off  Ice,  1992) 

S  Congress  House  of  Represef'tatives,  Energy  f^c^'cy  Act  of  1992.  Conference  Report  102-1018  (Washington  DC  U  S  Gov¬ 
ernment  Printing  Off  Ice  1992) 


I  Principal  Themes 

Three  broad  themes  are  addressed  in  this  chapter: 

1.  the  principles  and  performance  of  various 
RETs"  for  heating  and  cooling,  ventilation, 
lighting,  water  heating,  and  other  energy  needs 
in  new' residential  and  commercial  build¬ 
ings 

2.  market  challenges  in  the  design,  construction, 
sale,  and  ownership  of  buildings  using  RETs, 
and  past  experience  in  addressing  these  chal¬ 
lenges;  and 


3.  policy  options  associated  with  further  RD&D 
and  commercialization  of  RETs  for  buildings. 

INTRODUCTION 

Renewable  energy  has  been  used  to  heat,  cool,  and 

light  buildings  since  humanity  first  mOVed  in- 

doors.  Clerestories"  were  used  more  than  3,000 
years  ago  by  the  Egyptians  to  daylight  their  tem¬ 
ples  at  Karnak.  The  Remans  designed  their  b^' tid¬ 
ings  with  a  variety  of  passive  solar  features: 
windows  to  capture  sunlight  for  heating  in  the 


^Although  the  following  discussion  emphasizes  il\e  potential  role  of  renewable  energy  in  buildings,  no  distinction  should  be  made  in  prac¬ 
tice  between  the  contributions  of  renewable  energy  and  energy  efficiency.  Buildings  should  be  designed  on  an  integrated  basis,  considering  all 
the  potential  efficiency  and  renewable  energy  benefits,  ami  combining  them  in  the  most  co.st-effeciivo  and  highest  architectural-  and  amenity- 
value  fonri  possible. 

’■^Only  new  construction  is  examined  here.  Renewable  energy  retrofits  of  existing  buildings  are  also  possible,  but  arc  often  not  as  cost-elfcc- 
live  as  designing  and  building  renewable  tcchnologic.s  into  new  construction.  Some  reirofits,  such  as  cooling  load  avoidance  and  ventilation  air 
preheat,  nuty  be  cosi-clTectivf;  in  sotnc  cases. 

‘^’Noic  that  industrial  buildings  (i.e.,  where  nianulacturmg  takes  place)  also  offer  significant  opportunities  for  using  RETs  to  supply  space 
heating  and  cooling,  lighting,  and  other  energy  needs.  Many  ol  the  RETs  uved  in  commercial  buildings  can  be  adapted  to  these  industrial  build¬ 
ing  applications.  Industrial  buildings,  however,  arc  not  explicitly  included  in  die  discussion  here  nor  in  rite  summary  staiislics  because  die  Ener¬ 
gy  Information  Administration  separates  residential  and  commercial  buildings  from  indusuial  energy  uses. 

^^CUrc.siories  are  window.s  located  at  the  top  of  high  walls  and  designed  to  ca.sr  light  deep  into  uitenor  spaces. 
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Clerestory  at  the  temple  of  Kamak,  Egypt 


winter,  carefully  sized  overhangs  for  shading  in 
the  summer,  heavy  masonry  (thermal  mass) 
construction  to  moderate  day-night  temperature 
swings,  and  clerestories  to  cast  light  deep  into  the 
building.  At  the  same  time,  they  developed  a  re¬ 
markable  body  of  law  to  protect  citizens’  rights  to 
access  the  sun  yet  not  block  their  neighbors’  ac¬ 
cess.  Wind  towers,  the  shape  or  the  roof, 

evaporative  cooling,  and  carefully  placed  plant¬ 
ings  were  used  to  control  overheating.  ""Many 
early  Renaissance  cathedrals  have  carefully  de¬ 
signed  clerestories  to  provide  sufficient  light  to 
define  the  interior  without  letting  in  so  much  light 
as  to  cause  glare  or  overheating.  }  ^ 


These  same  elements — siting,  landscaping, 
proper  placement  and  design  of  windows,  over¬ 
hangs,  clerestories,  thermal  mass,  and  others — are 
characteristic  of  solar  architecture  today  (see  fig¬ 
ure  3-2),  and  can  be  adapted  to  a  wide  variety  of 
architectural  styles.  With  modem  materials  and 
design  tools,  these  solar  architectural  techniques 
have  become  much  more  effective. 

The  processes  of  solar  heating,  ventilation, 
thermal  storage,  evaporation,  and  radiative  cool¬ 
ing  occur  naturally  in  buildings.  The  way  we  de¬ 
sign  and  position  our  buildings,  size  and  orient 
their  windows,  and  landscape  the  property  all  im¬ 
pact  these  energy  flows.  Thus,  the  question  is  not 
whether  renewable  energy  can  influence  fossil  en¬ 
ergy  consumption  in  our  homes  and  offices-it  al¬ 
ready  does.  The  question  is  whether  energy  flows 
are  allowed  to  cause  problems  such  as  overheating 
and  glare  or  are  employed  instead  to  deliver  useful 
services.  Achieving  this  goal  requires  careful 
tradeoffs  between  a  variety  of  design  parameters. 
Thoughtful,  balanced  design  can  provide  substan¬ 
tial  financial,  energy,  and  aesthetic  benefits;  poor 
design  or  overreaching  to  reduce  conventional  en¬ 
ergy  use  can  increase  costs  and  decrease  building 
comfort  and  performance. 

Historically,  buildings  were  designed  for  the 
local  climate  and  natural  daylighting.  Many  were, 
however,  uncomfortable  and  poorly  lit  due  to  in¬ 
sufficient  design  knowledge,  lack  of  insulation, 
and  low-quality  windows.  Then,  plentiful  and  in¬ 
expensive  supplies  of  fossil  fuels  and  electricity 
provided  architects  a  degree  of  freedom  they  had 
never  before  known  (and  habitants  a  degree  of 
comfort  never  before  experienced).  Building  de¬ 
signs  gradually  changed  to  reflect  abstract  visions 
rather  than  the  reality  of  the  local  climate.  Energy 
use  for  heating,  cooling,  and  lighting  buildings  in¬ 
creased  accordingly.  The  first  oil  crisis  of  1973  re- 


'  ^Thermal  mnss  means  ihid'Ciitstontftocapabilitv  of  a  material  multiplied  by  its  mass  (weight).  A  womJ  frame  wiiilha.siilf>w  heat  storage 

capacity,  v,  hereas  a  sol  id  masonry  u  al  1  has  a  high  heat  storage  capac  iiy. 

'3DiiUi~  Fav  m.  "Roman  Solar  Legislation.”  l^nxsive  Snhr  JounuiLvol.  2,  No.  2,  1983.  pp.  90-98. 

I'^MchfllN,  Bahadori,  "Passive  Cooling  S\  stems  in  Iranian  Architecture,’”  .9,  hw//;c.Arnent-un.  vol.2J<5?,  {978.  pp.  144-154. 

I  -^Richard  o  Sicin.  Archinnure  [Ait/  Energy  (Garden  City,  NY:  Anchor  Press,  i  978). 
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BOX  3-2;  Energy  Use  in  Buildinc 


Energy  use  in  buidings  has  changed  substantially  in  both  form  and  function  during  the  past  several 
decades  Primary' energy  use  in  residential  and  commercial  buildings  totaled  29  exajoules  in  1990  (figure 
1-11  in  chapter  1  )  Of  this,  about  one-half  went  to  space  heating  and  cooling,  one-fifth  to  lighting,  and 
one-tenth  to  water  heating  (figure  3-3)  These  proportions  change  significantly  with  the  type  of  building.  Its 
use,  and  its  occupants  Total  buiding  energy  use  in  the  United  States  has  Increased  (figure  3-4)— there  are 
more  people,  more  households,  and  more  offices-while  energy  use  per  unit  area  (commercial)  or  per  per¬ 
son  (residential)"  has  roughly  stabilized  over  the  past  decade  due  to  a  variety  of  efficiency  Improvements 
The  sources  of  energy  have  changed  dramatically  Use  of  fuel  011  has  dropped  since  the  1973011  embargo, 
and  natural  gas  has  largely  made  up  the  difference  (figure  3-4)  At  the  same  time,  new  loads  have  ap¬ 
peared  Electron/c  office  equipment  has  sharply  Increased  plug  loads' in  commercial  buildings'*  and  pro¬ 
grams  such  as  the  energy  Z  Computer”  have  been  la«.  nched  in  response  Utility  demand-side  manage¬ 
ment  programs  are  gaining  momentum  as  they  grapple  with  peak  loads  due  to  air  conditioning  during 
summer  heat  waves,  as  well  as  try  to  reduce  overall  consumption  Building  energy  use  will  continue  to 
change  due  to  technological  advances,  population  growth,  economic  growth,  demographic  changes,  and 
many  other  factors,  perhaps  including  global  warming 


■  This  breakdown  assigns  generation  transmission  and  distribution  losses  Incurred  by  the  electricity  secio/  proportionately  lo 
the  end  use  that  actually  consumed  the  electricity 

?  Residential  energy  use  dropped  abOiit  20  percent  between  1972  and  1982  and  has  since  roughly  stabilized 
“These  are  loads  on  wet!  outlets  due  to  plugging tn  computers,  printers,  photocopiers,  fax  machines  and  so  forth  These  loads 
are  dist  nr.ifrom  -gnting  loads  wh-chare  wired  mto  place  when  the  bui  dmgis  constructed 

'‘L  Norford  et  al  fT'ectriCih/ Use  iotii!orrnal:on  Technologies  “  Annual  Review  of  Energy,  vot  15.  1990  pp  423-453 


versed  that  trend  and  generated  a  wave  of  interest 
in  again  using  renewable  energy  to  heat,  cool,  and 
light  buildings:  that  reversal  lasted  little  longer 
than  high  oil  prices. 

RENEWABLE  ENERGY  TECHNOLOGIES 

The  total  energy  performance  of  a  building  is  a 
complex  process,  dominated  by  the  continuous  in¬ 
teraction  among  the  building’s  internal  sensible 
and  latent" heat  gains  and  losses,  solar  inputs, 
thermal  storage,  radiant  heat  transfer,  and  air 
movement:  the  external  environment;  and  other 
factors.  Conventional  space  conditioning  systems 
have  been  designed  simply  to  overpower  the  natu¬ 
ral  forces  both  heating  and  cooling  our  buildings, 
resulting  in  considerable  expenditures  for  equip¬ 


ment  and  fuel.  The  process  of  maintaining  a  com¬ 
fortable  environment  efficiently  is  a  more  subtle 
and  site-specific  undertaking. 

Renewable  energy  technologies  for  buildings 
take  several  approaches  in  providing  energy  ser¬ 
vices.  Generally  the  most  cost-effective  RETs  for 
space  heating,  cool  ing,  and  lighting  are  passive  ar¬ 
chitecture  and  daylighting.  These  strategies  use 
the  building  itself — walls,  windows,  overhangs, 
thermal  mass — to  capture,  store,  and  distribute  re¬ 
newable  energy.  This  approach  requires  careful 
design  but  uses  little  or  no  additional  material — 
hence  its  frequent  cost-effectiveness.  Active  sys¬ 
tems  use  discrete  collectors  on  the  roof  or  near  the 
building  to  capture  sunlight  and  pipe  the  energy 
where  it  can  heat  the  building  (or  domestic  hot  wa- 


'^Scfisible  heat  is  w'hal  v,  e  ph>  sicalK  feel  when  we  touch  a  hot  object:  latent  heat  is  the  energy  required  to  evaporate  ^  quami!\  of  atcr. 
used  here,  latent  heat  refers  ioihelarcc  amount  of  moisture  or  humidity  that  can  be  exchanged  among  a  building’s  materiaU,  indoor  air,  and  the 
outside.  High  levels  of  humidity  contribute  substantially  to  occupant  discomfort  and  increase  building  cooling  loads. 
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FIGURE  3-2;  Principal  Design  Elements  of  Passive  Solar  Architecture 


Insulation 


South 


NOTE:  A.  Solar  architecture  uses  windows  to  capture  sunlight  for  wsoter  heating  carefully  sized  overhangs  for  summer  shading,  arut  ip  sonrte  cases. 
Ihernnai  mass  (bricks,  masonry)  to  moderate  day-night  temperature  sw-ngs.  8  Sunspaces  provide  passive  soiar  heating  and  bright  living  space. 
C  Clerestories  contribute  to  lighting  and  winter  healing.  D  Trees  and  other  landscaping  can  shade  east  and  v^est  windows  from  summer  sun. 

SOURCf::  Adapted  from  Passive  Sotar  industries  Council  and  National  Renev/abie  Energy  taboratofy,  Pass/ve  Solar  Design  Straiegles.  Guide/fnes 
for  Home  Builders  (Washington.  DC  and  Golden.  CO.  1991) 
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BOX  3-3;  Additional  Renewable  Energy  Technologies 


A  variety  of  other  renewable  energy  technologies  can  provide  useml  energy  services  for  buildings  but 
have  not  been  considered  in  detail  in  the  course  of  this  assessment.  These  Include  wood  heating  and  geo¬ 
thermal  heat  pumps 

Wood  Heat 

Wood  heating  can  be  cost-effective  where  low-cost,  reliable  sources  of  wood  are  used  117  well-designed 
and  well-built  wood  stoves  Domestic  wood  stoves  can,  however,  produce  relatively  high  levels  of  smoke 
that  may  lead  to  local  air  pollution  Catalytic  combustors  have  reduced  this  air  pollution  problem  while  gen¬ 
erally  Increasing  stove  efficiencies 

Geothermal  Heat  Pumps 

Most  heat  pumps  use  air  as  a  heat  source  or  sink.  The  problem  with  this  js  that  when  heating  or  cooling 
IS  needed  the  most,  the  air  is  at  its  coldest  or  hottest  which  makes  the  air-coupled  heat  pump  work  harder 
and  reduces  its  efficiency '  Geothermal  heat  pumps,  however  are  coupled  to  the  relatively  constant 
ground  temperature  by  long  pipes  in  the  ground  to  collect  heat  for  heating  or  to  cool  the  fluid  in  the  pipes 
for  air  conditioning  The  moderate  ground  temperatures  allow  geothermal  heat  pumps  to  run  more  efficient¬ 
ly  typically  using  about  two-thirds  as  much  electricity  as  standard  air-coupled  heat  pumps  and  less  than 
half  as  much  as  an  electric  resistance  heater  combined  with  a  conventional  air  conditioner  Burying  the 
pipes  does  cost  more  however  and  simple  payback  times  for  this  additional  cost  are  typically  on  the  order 
of  six  years. 


'  It  Hiiiy  -r-  frjcl  be  ci.;!  ckji  rj?  rir.fj  <'h':C*nc  fe-ysXx'n'Cti  he. 
I 

ter)  or  drive  a  cooling  system.  These  systems  are 
cost-effective  only  in  particular  circumstancres  be¬ 
cause  of  the  large  quantities  of  expensive  add-on 
materials  required.  Of  incre.-  ing  interest  sys¬ 
tems  that  are  integrated  into  the  building  shell  it¬ 
self,  including  ventilation  air  preheat  and 
photovoltaics.  By  integrating  these  systems  into 
the  building,  the  amount  of  epensive  add-on  ma¬ 
terial  required  can  be  minimized  and  the  system 
made  more  cost-effective.  Other  RETs  are  dis¬ 
cussed  in  box  3-3. 

Because  the  environment,  construction,  usage, 
and  energy  demand  patterns  for  buildings  differ 
(see  figure  3-3),  renewable  strategies  tend  to  be 
context  -dependent:  a  strategy  designed  for  a 
building  used  for  manufacturing  may  not  be  appli- 


flfi  IVirjklJp 


cable  in  a  compai*ably  sized  and  built  adjacent 
wai*ehouse.  Similai'ly,  a  RET  strategy  used  for  a 
small  office  building  may  not  be  applicable  in  a 
r^arby  residence.  These  energy  use  patterns  have 
also  changed  significantly  over  time,  particula:'^ 
with  increasing  use  of  electricity  (see  figure  3-4). 

I  Passive  Architecture” 

Renewable  energy  technologies  to  provide  space 
heating,  cooling,  ventilation,  and  lighting  energy 
services  Can  take  many  forms  in  residential  and 
commercial  buildings.  Passive  heating  and  cool¬ 
ing  technologies  use  the  building  itself  to  capture 
sunlight  for  heat  and/or  light  and  to  reject  heat 
from  the  building.  This  includes  windows  to  let  in 


’h'or  reviews  ot passive  architecture,  see  Bruce  .•\ndt‘r-.()n  Solor  Huihhrjii  Anhiicourc  (Cambridge.  MA:  Ml  \  Press.  1  WO);  Jcfircy 
('ook  (ed.),Puv.\f  ve  Coolini^  (C'amhridge.  MA:  MIT  Press.  Halcomb  (od.),  op.  cit.,  fooUKUe  5:  American  SoUu  Tnergs  Society. •  Proceed- 

ing>  of  the  National  Passive  S«dar  C'onfcfonces.*’  various  years;  and  relcrcnccs  ihorcin. 
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FIGURE  3-3:  Energy  Services  and  Supplies  in  U,S.  Residential  and  Commercial  Buildings 


ftesidental  buildings 


Percentage 


NOTE  Energy  use  by  particular  buildings  vanes  greatly  by  the  type  of  burlding.  occupancy  region,  cimiate.  and  many  other  factors 

SOURCES  U  S  Department  of  Energy,  Energy  Irifor motion  Admmrstration. /Vinua/ Energy  Rev/evv  1992.  DOE/EIA- 0384(92)  (WashiriQlon,  DC:  June 
)  093).  and  U  S,  Congress  Office  of  Technology  Assessment,  Bun'ding  Energy  Efficiency,  OTA  -  £-516  (Wastirng-on.  DC  U.S  Goverrimeni  Printirtg 
Off  Ice  May  1992) 


light  for  both  heating  and  lighting;  overhangs  to 
block  the  sunamer  sun  and  minimize  cooling  re¬ 
quirements,  ventilation  to  reject  unwanted  heat  or 
provide  fresh  air,  and  thermal  mass  such  as  bricks 
or  concrete  to  store  heat  for  use  (winter)  or  to  ab¬ 
sorb  heat  for  removal  (summer)  at  some  other  time 
during  the  day. 

Window  technology  and  placement  are  critical 
for  capturing  solar  energy  in  the  winter  and  reject¬ 
ing  it  in  the  summer;  improvements  in  window 
technology  over  the  past  decade  allow  this  to  be 
done  much  more  effectively  than  in  the  past  (see 
box  3-4).  Once  the  window  captures  heat,  thermal 
mass  "'and  interior  air  movements  determine  how 


effectively  this  heat  is  used.  In  recent  years,  pas¬ 
sive  design  has  emphasized  “sun-tempering,” 
which  rearranges  windows  in  the  building  to  im¬ 
prove  solar  gain  and  lighting  but  (over  the  entire 
building)  may  require  little  additional  window 
area  and  little  or  no  additional  thermal  mass.  This 
avoids  the  cost  of  adding  thermal  mass;  it  also  re¬ 
duces  design  complexity  by  avoiding  the  difficul¬ 
ty  of  properly  coupling  incoming  sunlight  to  the 
thermal  mass.  Most  conventional  construction,  in 
fact,  has  moved  toward  the  use  of  lighter  weight 
materials.  Even  traditional  elements  such  as  brick 
fireplaces  are  today  commonly  made  of  metal 
with  a  relatively  lightweight  brick  veneer  over  it 


!  mass  can  moderate  interior  temperature  swings. 
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FIGURE  3-4;  Total  Energy  Use  in  U.S.  Buildings,  1950-92.  by  Energy  Supply  Type 


(  BBmary  electricity  I 
I  □  Oil  i 


1950  1960  1970  1980  1990 


SOURCE.  U  S  Department  of  Energy,  Energy  Information  Admir-5tr«it-or,  Annual  energy  Review  DOE/H1A*0364(92)  {Washington,  DC  June  ^  993) 


to  provide  the  appearance  of  solidity;  this  type  of 
construction  reduces  the  usefulness  of  a  fireplace 
as  thermal  mass. 

As  south-facing  window  area  is  increased, 
more  sunlight  is  admitted  into  the  space  and  the 
use  of  thermal  mass  gradually  becomes  more  im¬ 
portant  to  minimize  overheating  and  moderate 
day-night  temperature  swings.  Overheating  and 
glare  were  frequent  complaints  in  early  passive 
horr  "s,  but  they  can  now  generally  be  avoided 
with  proper  design. 

These  same  architectural  elements  can  provide 
summer  cooling.  Overhangs‘''can  shade  south¬ 
facing  windows  from  the  summer  sun,  thermal 
mass  can  moderate  temperature  swings  and  can  be 


used  to  absorb  heat  during  the  day  for  release  out¬ 
side  at  night, ““and  properly  sited  operable  win¬ 
dows  and  open  floor  plans  can  provide  effective 
cross  ventilation.  Other  techniques  used  include 
shading  by  properly  placed  and  selected  trees  or 
other  landscaping,  night  cooling,*'  and  others.  In 
the  dry  Southwest,  evaporative  cooling  can  be  ef¬ 
fective  and  has  long  been  used;"  for  the  humid 
Southeast,  desiccant  moisture  removal  sv^^ems 
are  being  developed  because  moisture  remo ,  al  is 
a  prime  problem.'" 

A  key  element  in  cost-effectiveness  for  these 
technologies  is  to  employ  the  same  elements  nor¬ 
mally  used  to  construct  a  building,  but  configure 


•^Including  awnings  and  trellises. 

2(>This  will  generally  be  accomplished  with  ventilation  at  night  to  circulate  cooler  night  air. 

2*Thts  can  include  ventilation  with  night  air  or  radiation  to  the  night  sky — both  coupled  to  tliermal  mass  (including  earth  coupling)  to  re¬ 
move  heat  absorbed  by  the  themial  mass  during  the  day. 

the  name  implies,  evaporative  [he  evaporation  of  water  to  absorb  heat  and  cooUhe  air.  When  ihe  cooler,  more  humid  air  is 

discharged  directly  into  the  living  space,  the  sy.sicmis  often  known  as  a  “swamp  chiller.  ”  Alternatively,  heat  exchangers  can  be  used,  with  the 
humidified  air  blown  outside  after  it  first  cools  off  dry  interior  air  via  a  heat  exchanger.  This  prevents  excessive  moisture  input  into  interior 
spaces. 

Desiccant  removal  systems  drying  agents  lo  absorb  vi.  ater  from  the  interior  air  and  then  use  solar  energy  to  heat  the  agent  and  drive  ott 
the  moisture,  releasing  it  to  the  outside. 
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BOX  3-4;  Advanced  Window  Technoiogie 


Approximately  15  exajoules  (EJ)  of  primary  energy  are  used  annually  to  heat  and  cool  buidings;  rough¬ 
ly  one-quarter  of  this  energy  demand  due  to  undesirable  heat  losses  or  gains  through  windows,' When 
the  first  011  crisis  occurred  in  1973,  approximately  70  percent  of  new  windows  sold  in  the  United  States 
were  single  glazed  with  an  insulating  value  of  R-1  "If  an  average  building  life  of  40  years  is  assumed,  such 
windows  would  result  In  the  lifetime  loss  of  more  than  100  EJ  worth  more  than  $1  trillion  "Following  the  first 
energy  crisis,  changes  in  building  codes  and  other  factors  resulted  by  1990  in  the  market  shifting  largely 
(80  percent)  to  double-glazed  windows  with  an  insulating  value  of  R-2  Such  windows  cut  energy  loss  in 
half. 

Beginning  in  1976,  researchers  at  Lawrence  Berkeley  Laboratory  began  work  to  Improve  window  perfor¬ 
mance  Low-emissivity  (low-E)  windows  with  special  coatings  to  reduce  heat  loss  were  their  first  major 
focus  The  $2-million  federal  Investment  leveraged  some  $100  million  in  private  Investment  In  low-E  film 
production  technology," This  work  produced  windows  with  a  thermal  resistivity  of  R-3,  and  with  low-con- 
ductivty  gases,  R-4,  with  energy  savings  of  two-thirds  and  three-quarters,  respectively,  compared  with 
single-glazed  windows  The  first  significant  sales  of  low-E  windows  occurred  in  1984  following  a  variety  of 
ongoing  federal  supports  and  outreach  to  manufacturers;  they  now  account  for  one-third  of  residential  win¬ 
dow  sales  A  number  of  other  technologies  have  been  developed  subsequently  and  are  now  in  various 
stages  of  commercialization,  Transparent  insulation  and  electronically  controlled  coatings®  are  under  devel¬ 
opment  and  promise  substantial  further  Improvements  in  window  performance, 

In  parallel,  Lawrence  Berkeley  Laboratory  has  developed  a  computer  design  tool  called  Window  4.0, 
more  than  3,000  copies  have  now  been  distributed.  It  is  used  extensively  by  manufacturers  to  design  more 
energy-efficient  windows  and  by  Industry  for  the  window  rating  and  labeling  system. 


■  R  Bev-ngton  and  A  Rosenfeid.  “Energy  for  Buifd'ngs  and  Homes,  ’  SaenUfic  M-tencan.  vo’  263,  No  3,  September  1 990,  p  80 
R-1  refers  10  the  resjstanceto  heat  R-1  is  a  lYisistivitv  of  t  square  foot -hour- 
'‘This  ass!jn>es  that  70  percent  of  the  windows  of  the  total  building  stock  are  single-glazed,  lofaci.the  traction  that  was  single- 

glazed  at  that  t'rnewaslikelytobestgnificantlyhigher  The doiiar  vaiue is  basedon  the  overall  energy  costs  for  buildings,  tnofracfionof 
ei'iOrgy  use  lost  by  windows,  and  a  40-year  building  life 

Howard  S  Geiier  et  al  'The  Importance  of  Government-Supported  Research  and  Development  n  Advancing  Energy  Efficiency 
in  the  United  States  Bui'dings  Sector”  Electricity  Bfftcient  End-Use  and  New  Generation  Technologies,  and  Their  Planning  tmpiica- 
Thomas  B  Johansscui  et  al  (eds  )  (Lund,  Sweden  Lund  Ufxversity  Press,  1989) 

‘L-ieotrofrhrornic  windows  Researchers  are  also  examining  ihermochromic  (responsive  to  temperature)  and  photochromic  (<e- 
sponsiveto  jight)  coatings 


them  in  ways  that  better  control  natural  energy 
flows.  Thus,  windows  on  the  east  and  west  side 
are  minimized-they  tend  to  provide  httle  net 
winter  heat  but  significant  summer  overheating — 
and  the  equivalent  window  area  is  moved  to  the 
south  side  where  it  can  provide  winter  heating.  A 
fireplace  might  be  positioned  so  that  it  receives  di¬ 
rect  sunlight  in  the  winter  and  thus  can  provide 
some  thermal  mass  benefits.  Passive  design  must 
be  used  in  conjunction  with  a  full  complement  of 
cost-effective  energy  efficiency  techniques,  care¬ 


ful  siting  and  landscaping,  and  other  aids.  These 
design  techniques  are  subtle,  but  effective. 

Passive  heating,  cooling,  and  lighting  (see  be¬ 
low)  require  careful  and  sophisticated  architectur¬ 
al  design;  they  are  design-intensive  rather  than 
material-intensive.  The  development,  testing,  and 
distribution  of  effective  computer  design  tools 
and  the  provision  of  additional  supports  at  the  de¬ 
sign  stage  may  therefore  be  important  for  effective 
and  widespread  use  of  these  technologies. 
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In  some  circumstances,  however,  the  careful 
“tuning”  of  passive  design  performance  may  also 
cause  difficulties.  For  example,  passive  solar  and 
daylit  designs  may  sometimes  be  less  amenable 
than  conventionally  heated  buildings  to  subse¬ 
quent  modifications  to  suit  the  tastes  of  new 
owners.  New  owners  of  passive  homes  have 
sometimes  covered  interior  mass  floors  with  car¬ 
pet,  mass  walls  with  wallboard,  or  made  other 
changes  that  reduced  the  effectiveness  of  carefully 
tuned  interior  designs.  Similarly,  offices  may  raise 
existing  or  build  new  walls  to  increase  worker  pri¬ 
vacy  that  at  the  same  time  disrupt  the  natural  flow 
of  solar  heated  air  through  the  building  or  block 
daylight.  On  the  other  hand,  unlike  conventional 
structures,  passive  buildings  can  often  remain 
habitable  (and  are  less  susceptible  to  freezing 
damage)  during  power  and  fuel  disraptions  in  se¬ 
vere  cold  or  hot  spells.  Further,  passive  design 
features  do  not  generally  wear  out  the  way  con¬ 
ventional  heating,  cooling,  or  lighting  equipment 
does. 

Properly  designed  and  built,  the  reduction  in 
heating  and  cooling  loads  made  possible  through 
passive  solar  design  can  allow  conventional  heat¬ 
ing  and  cooling  equipment  to  be  downsized,  in 
part  offsetting  any  additional  cost  of  RETs.  Over¬ 
all  cost  and  performance  results  from  a  number  of 
case  studies  of  carefully  monitored  buildings 
across  the  United  States  are  shown  in  figure  3-i. 
These  buildings  demonstrated  significant  energy 
savings,  averaging  roughly  50  percent  energy  sav¬ 
ings  for  efficiency  and  renewable  energy  contribu¬ 
tions  combined,  compared  with  conventional 
designs,  and  at  relatively  little  increase  in 


construction  cost.  The  overall  cost  of  saving  ener¬ 
gy  by  using  these  technologies  is  substantially 
lower  than  current  or  projected  costs  of  conven¬ 
tional  fuels,  as  indicated  in  the  example  supply 
curve  of  figure  3-5.  These  opportunities  can  be 
found  throughout  the  United  States  and  offer  pro¬ 
spective  owners  of  new  residential  and  commer¬ 
cial  buildings  large  cost  and  energy  savings. 

I  Daylighting'' 

Daylighting  is  the  process  of  letting  light  in  from 
the  outside  and  integrating  it  with  interior  electric 

lighting  (o  provide  high-quality,  glare-free,  lowl- 
energy-use  lighting  for  occupants.  This  includcS 

adding  high  windows,  clerestories,  and  skylights 
or  roof  monitors  to  cast  light  deep  into  the  build¬ 
ing’ s  interior:  atria  to  provide  lighting  in  the  core 
of  a  large  building:  and  appropriately  placed 
walls,  screens,  reflectors,  and  luminaires  to  dif¬ 
fuse  daylight. 

Both  direct  and  diffuse  sunlight  can  be  used  for 
daylighting.  Direct  sunlight  is  highly  directional, 
very  intense,  and  often  variable  from  moment  to 
moment  (e.g.,  as  clouds  pass  by).  It  is  used  for 
dayiigh  only  after  it  has  been  diffused  by  pas¬ 
sage  through  a  diffusing  window  or  fixture  or  after 
it  has  been  reflected  off  an  interior  (nonmirror) 
surface.  Direct  sunlight  may  also  be  used  for  inte¬ 
rior  spaces  where  light  must  be  “piped”  in."^  Dif¬ 
fuse  sunlight  is  light  that  has  been  scattered  by  the 
atmosphere  and  comes  from  the  entire  sky.  Al¬ 
though  it  is  less  intense  than  direct  sunlight,  it  is 
much  less  directional  and  vai'iable  from  moment 
to  moment.  Daylighting  strategies  often  rely  more 


c.»..  J.  Douglas  Balcomb, “Daylighting,’'  tSPRA  Course  on  Passive  Solar  Technologies  for  Buildings  in  Mediterranean  Climates, 
Kefalonia,  Greece,  Oct.  17-21,  1988;  C.  Ben[on  et  al.,  Lawrence  Berkeley  Laboratory,  '‘Control  System  Performance  in  a  Modem  Daylighk'd 
Office  Building,”  LB  L-3061  1,  October  1990;  D.  Arasteh  et  al.,  Lawrence  Berkeley  Laboratory,  "Cooling  EnergyamlCostSavmgs  w  ithDa> 
lighting  in  a  Hot  and  Humid  Climate,”  LBL-  19734,  July  1985;  and  G.  Sweii/.cr  et  al.,  Lawrence  Berkeley  Laboratory,  -Eflecisof  r.ow.Kfriissis 
ity  Glazings  on  Energy  Cse  Patterns  in  NonresidcntialDaytighiedBui  Idings"  I.B1.-2  1577,  December  1986.  Fixiensivc  literature  on  daylighting 
can  be  found  m  AuicriCtUi  Solar  Energy  Society,  op.  cit.,  footnote  17.  For  practical  hands-on  guides,  see,  e.g.,  Wayne  Place  and  Thomas  C. 
Howard,  North  Carolina  Alternative  Energy  Corp.,  "Day  lighting  Multistory  Office  Building  s,”  1990;  and  Wayne  Place  and  ThomasC  How  ard. 
North  Carolina  Alternative  Energy  Corp.,  '‘Duylighting  Classroom  Buildings,  1991. 

not  diffused  byadiffusing  window,  fixture,  or  reflector,  direct  .sunlight  tends  to  be  used  sparingly  and  then  primarily  to  accent  Internal 
design.  In  this  context,  note  that  simply  allowing  light  in  from  large  expanses  of  glass  on  modem  office  facades  can  result  in  glare  and  require 
high  levels  of  artificial  light  as  a  counterbalance. 
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FIGURE  3-5;  Representative  Building  Energy  Supply  Curve 
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NOTC.  Cstlnnated  iifC'Cycie  cost  and  energy  use  are  shown  for  a  senes  {1'24)  o?  renewable  energy  and  energy  efficier-cy  irD- 
provemenls  in  a  residentiai  building  in  Aibuqucrque.  NM.  using  electric  resistance  heating.  Improvements  include  increases 
in  wa!!.  ceiiing,  and  perimeter  insulation  (steps  1-5. 13).  higher  quality  windows  (steps  6-7 . 14. 24);  and  increases  in  window 
area,  placement,  and  asscciated  features  (8-12. 1 5-23)  At  roughly  steps  1 2-1 3.  life-cycle  costs  reach  a  minimum,  with  energy 
use  atxiur  half  the  base  case  electric  resistance  heated  househoid.  The  cost  oi  saving  electricity  vanes  from  around  8c5/kWh 
at  step  2.  to  45i.4<.Wh  at  step  12.  to  75^/kWh  at  step  24.  A  simiiar  analysis  for  natural  gas  shows  a  supply  curve  that  is  nearly 
fiat  to  steps  12-13—1  e  .  gas  arrd  so<ar  heating  cost  Itie  same  at  currant  low  gas  price5--anci  then  becomes  more  expensive 
lor  solar  heatmg  after  step  1 3.  In  this  case,  although  solar  heating  does  not  have  a  decisive  direct  cost  advantage  over  low-cost 
natural  gas.  it  does  reduce  exposure  to  the  riskol  luturo  gas  price  increase,  will  improve  building  habitability*  during  cold  spells 
if  gas  IS  cut  off.  and  reduces  environmentaf  impacts. 

SOURCE;  Adapted  from  Robert  VV.  Jorges  et  ai .  ’  Residential  Energy  Standards  for  New  Mexico, '  Seventeenth  National  Passive 
Soiar  Conference.  Cocoa  Beach,  FL.  June  13-18.  1992. 


heavily  on  diffuse  sunlight  because  of  its  higher 
lighting  quality  and  stability. 

Because  daylight  provides  more  visible  light 
than  heat  compared  with  artificial  lighting,  it  can 
also  reduce  air  conditioning  loads,'*^  Overall,  the 


energy  savings  from  daylighting  strategies  is 
heavily  dependent  on  the  relationship  between 
lighting  and  cooling  electricity  saved,  or  addition¬ 
al  heating  energy  consumed.  This  relationship  va- 


‘^’DilYu.^esun]  ighi  is  roughly  twice  as  efficient  as  standard  fluorescent  bulbs  and  nearly  six  times  as  efficient  as  incandescent  bulbs  in  terms 
of  I  ighiing  service  per  unit  thennal  input  into  the  building.  Thus,  admitting  I  watt  of  diffuse  sunlight  can  allow  a  decrease  in  the  fluorescent 
Hghting  load  by  2  watts,  and  also  decrease  the  air  conditioning  load  by  0.5  watts  (if  a  coefficient  performance  of  2  is  assumed),  for  a  net  sav  ings 
of  2.5  watts  of  electridiy  pef  Watt  of  Sunlight.  This  benefit  is  decreasing  as  artificial  lighting  become.s  more  efficient  and  lighting  design  reduces 
unnecessarily  high  lighting  levels. 
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ries  widely  from  region  to  region  and  from 
building  to  building  within  regions."^ 

Daylighting  is  of  particular  interest  in  office 
buildings  where  lighting  is  a  very  large  energy  de¬ 
mand;  internal  heat  gains  predominate  so  that 
cooling  is  needed  over  much  of  the  year  (and  so 
daylight  can  reduce  cooling  loads);  and  architec¬ 
ture  has  already  moved  toward  glass  exteriors  and 
interior  atria.'*  Dayiighting  is  also  of  great  inter¬ 
est  for  schools.  Properly  designed,  daylighting 
can  provide  50  to  75  percent  of  the  light  needed 

during  daytime  hours  Dayiighting  must  be  inte 

grated  with  heating  and  cooling  design  elements 
to  achieve  optimal  overall  performance.  Windows 
used  for  day  lighting  can  be  placed  to  provide  pas¬ 
sive  solar  heating  in  the  winter  and  to  avoid  sum¬ 
mer  solar  gains.  Controls  to  dim  or  turn  off 
artificial  lights  are  usually  required  to  achieve  the 
full  potential  savings  of  daylighting.'" 

I  Solar  Water  Heaters 

Solar  water  heaters  use  panels  or  tanks  exposed  to 
the  sun  to  warm  water  for  domestic  or  service  use 
(solar  domestic  hot  water,  SDHW)"  or  for  swim- 


.  t  .y£arly  adoption  was  fueled  by  a 

ming  pools. 

number  of  forces,  including  emerging  environ¬ 
mentalism,  fear  of  high  fuel  prices,  and  govern¬ 
ment  tax  credits.  With  the  expiration  of  the  federal 
tax  credit  in  1985,  the  solar  thermal  (including  the 
solar  water  heater)  market  experienced  consider¬ 
able  downsizing,  from  225  manufacturers  in  1984 
to  98  in  1986  and  45  today."  Overall,  an  esti¬ 
mated  1.8  million  systems  have  been  produced 
since  the  1970s.34 

Solar  pool  heaters  are  a  low-temperature  ap- 
pf  cation,  typically  operating  around  80°F  (27'’C), 
and  thus  can  be  quite  efficient  without  using  an  in¬ 
sulating  glass  or  plastic  cover,  or  other  insulation. 
This  allows  them  to  be  very  low  cost  with  average 
wholesale  prices  in  1992  of  $27/m'($2.50/ft')." 
Solar  pool  heaters  are  cost-effective  over  a  fairly 
wide  range  of  conditions  and  have  developed  into 
a  significant  market.  Sales  increased  1 1  percent 
from  1991  to  1992  and  accounted  for  nearly  90 
percent  of  the  solar  thermal  collector  market." 

SDHW  is  a  medium-temperature  application, 
typically  operating  around  120‘’F  (50‘’C).  These 
temperatures  require  insulating  glass  or  plastic 


*”’The  relationship  between  cooling  and  heating  loads  depends  dramatically  on  the  length  am!  sev  erit>  of  the  heating  and  cooling  seasons. 
'T’he  length  of  these  seasons  for  a  particular  building  depends  on  the  assumed  base  case  amount  of  heat  that  is  generated  i  thin  the  biii  (e.g., 
by  people,  lights,  and  computers)  and  the  degree  to  which  this  amount  is  changed  h>  decreasing  the  lighlingloal;l.ThlJ^.da^l^ghti^g  would  save 
proportionately  more  cnergs  in  a  densely  packed  office  building  or  restaurant,  with  largo  internal  bent  gains  ami  a  long  cooling  sea^(nL  tlian  in  a 
warehouse,  vv  iih  little  internal  gain  and  a  shoner  cooling  .season. 


■'Balcoinb.op.  cit..  footnote  24. 

"’Mike  Nicklas.  Innovative  Design;  J.  Douglas  Balconib.  National  Renewable  Energy  Laboratory,  and  Mark  KcHcy.  Building  Science  Ln- 
ginecring.  personal  communication,  Apr.  13,  1994. 

"'■Jii  ccncraI,howcviT  In  desirable  tt,here  il  can  superior  |  iflhtingfor  a  larpc  poriion  of  the  time.  Oiticrw  ice,  (iasliphim!.' 

docs  not  become  the  norm  and  people  override  the  lighting  controls  too  frequently.  Nicklas.  op.  cit..  footnote  29. 

^  ‘This  refers  to  hot  household  purposes  (e.  g.,  washing  and  bathing^ 


'-Solar  water  heaters  can  be  either  passive,  in  which  the  flow  of  water  (  nr  other  lluid )  is  driv  en  by  natural teinpcralnrc  differences  generated 
by  solar  heating,  or  active,  in  which  the  flow  of  w  atcr  (or  other  fluidi  is  driven  b>  an  electric  pump  |xv.vcrcd  b>  tlie  utility  grid  or  b\  an  ad  jacent 
photovoltaic  system. 

’ '  in  1  979,  hm  experienced  il.c  belwccn  1 98,(  and  i  9M.  ( Dcpuiuucm  „f  F..»cis!v.Encr!>v  In 

formation  Adininstration. ,SV>/rir  f.V»//t’(7or Mii/ui/brtaring /LVfi/rv DOE  Fl.4-0  174(92)  (Washington. DC  .  Nos cnvbcr  (99.1). 
'"Slu-inkoff. 


^"‘Energy  Information  Administration,  op,  cit.,  footnote  ^3. 

'^Toiai  solar  [hernial  collector  .shipments  in  1992  were  about  7  million  square  feci. 
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covers,  side  and  back  insulation,  and  other  tech¬ 
niques  to  reduce  heat  loss  and  improve  efficien- 
cy.  The  greater  material  intensity  and 

complexity  of  these  collectors  raise  wholesale 
prices  for  the  collector  alone  into  the  range  of 
$100/m2  ($1  0/ft‘)/*  Overall  costs  are  typically  in 
the  neighborhood  of  $200/m‘for  all  of  the  hard¬ 
ware,  $  100/m2  for  installation,  and  up  to  $300/m^ 
for  overhead,  profit,  and  marketing  costs/^This 
gives  a  total  installed  cost  in  the  range  of  $300/m‘ 
to  $600/m'($30/ft“to  $60/ft~)/" Typical  systems 
are  ^  to  8  mTn  area,  depending  on  the  climate,  and 
deliver  roughly  30  to  40  MJ/day  of  energy.  This  is 
equivalent  to  about  8  to  12  kWh  of  electricity  with 

a  value  of  $0.80  to  $1.20/day  at  high  electricity 
rates. The  simple  payback  may  then  be  as  low  as 

six  years  in  some  select  areas  compared  with  elec¬ 
tric  water  heating,  generally  cost- 

competitive  compared  with  natural  gas  systems  at 
current  prices,"^^ 

Large-scale  production  and  installation  of  solar 
water  heaters  might  allow  significant  price  de¬ 
creases  through  economies  of  scale  and  learning 
and  by  reducing  marketing  and  other  overheads. 
Although  there  are  enough  cost-effective  uses  of 
SDHW  to  justify  large-scale  manufacturing  and 
installation,  the  market  has  been  slow  to  develop 
due  to  a  variety  of  market  challenges. 

Sola  water  heaters  may  also  sometimes  be 
made  more  cost-effective  by  considering  their  use 


in  utility  demand-side  management  (DSM)  pro¬ 
grams.  Although  water  heating  is  a  large  energy 
demand  (see  figure  3-3),  utility  DSM  programs 
must  instead  focus  on  the  extent  to  which  water 
heating  contributes  to  the  utility’s  peak  electricity 
demand;  this  varies  by  region  and  time  of  year.  As 
an  example  of  it  not  being  cost-effective,  studies 
by  Florida  Power  and  Light  found  that  electric  wa¬ 
ter  heaters  only  contributed  an  average  of  about 
0,2  kW  each  to  the  peak  load.  Overall  program 
costs  and  ratepayer  impact  concerns  then  made  so¬ 
lar  water  heater  DSM  investment  incentives  not 
cost-effective  (see  box  3-5). 

In  areas  with  large  coincident  peaks  between 
electric  water  heating  loads  and  utility  loads,  util¬ 
ity  incentives  for  SDHW  systems  may  be  cost-ef¬ 
fective.'^  In  response  to  this  DSM  opportunity, 
Edison  Electric  Institute,  the  American  Public 
Power  Association,  and  the  Department  of  Energy 
established  the  Utility  Solar  Water  (USH,0)  Pro¬ 
gram  to  assist  in  the  development  and  expansion 
of  utility  programs  for  residential  and  commercial 
solar  water  heating.  The  intent  is  both  to  reduce 
utility  demand  in  regions  where  the  SDHW  option 
is  cost-effective  and  to  aggregate  markets  for 
SDHW  so  as  to  allow  manufacturing  and  installa¬ 
tion  scaleup  and  thus  help  drive  costs  down. 

As  with  passive  systems,  the  cost-effectiveness 
of  SDHW  might  be  assisted  by  developing  de- 


'^Thesc  include  spectrally  selective  absorber  surfaces  and  vacuum  jackets. 

38  Infonnation  Administration,  Op,  cit.,  footnote 

r^Hcnrs  Peebles  ^  ^  American  Energy  Technologies,  Inc.,  personal  communication,  May  26,  ’ 

4i)|„  Comparison,  manufacturer  estimated  costs  t.  be  typically  25  percent  for  the  collector  and  related  hardware,  25  percent  for  market¬ 
ing  and  advertisement.  15  percent  for  installation,  and  35  percent  for  overhead  and  profit. 

‘This  ignores  storage  lo.sses  and  the  value  of  the  electric  water  heater  tank,  and  assumes  a  high  value  of  1 0^/kWh  for  residential  elecuicity. 

‘^^Tlus  assumes  the^^Siicr  cost  of  S6CX)/m^  for  a  smaller  4  system  installed  in  a  favorable  climate,  a  high  level  of  del  ivered  energy,  and 

high  electricity  rates. 

^  'Batch  and  water  heaters  are  particularly  cost-effective,  in  Some  cases  even  when  measured  against  natural  gas. 

e  g  Clifford  S.  Murley  and  Donald  B.  Osborn,  “SMUD’s  Residential  and  Commercial  Solar  Domestic  Hot  Water  Programs,  ”  paper 
presented  at  the  American  Solar  Energy  Society  Solar  94  Conference,  San  Jose,  CA,  June  1994.  A  detailed  study  across  the  entire  United  States 
found  a  wide  variation  in  coincidence  between  hot  water  demand  and  utility  loads,  ranging  from  1 2  to  78  percent  in  the  summer  to  O  to  36 
percent  in  the  winter,  depending  on  the  region.  See  S.F.  Ahmed  and  J.  Estoque,  Solar  Hot  Water  Manual  for  Electric  Utilities:  Domestic  Hot 
IVij/crSyv/cwi.Y.EPRI  EM-4965  (Palo  Alto,  CA:  Electric  Power  Research  Institute,  December  1986). 
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BOX  3-5;  Consideration  of  Solar  Water  Heaters  as  a  DSM  Measure  by  Florida  Power  and  Light’ 


Florida  Power  and  Light  (FPL)  began  prowding  front-end  payments  of  up  to  $400  for  solar  domestic 
water  heaters  (SDHW)  in  1982  Installations  under  this  program  grew  steadily  to  almost  14000  in  1985 
before  collapsing  to  less  than  1,000  by  1987  when  federal  tax  credits  were  withdrawn  Overall  FPL  pro¬ 
vided  support  for  almost  41,000  solar  water  heaters  between  1982  and  1990 

In  response  to  the  Florida  Public  Service  Commission,  FPL  developed  a  demand-side  management 
plan  in  1990  On  reviewing  the  payment  for  domestic  solar  water  heaters,  FPL  found  that,  in  fact,  there 
were  benefits  of  only  75 @  for  every  dollar  spent  The  reason  was  that  few  people  took  hot  showers  in  the 
late  afternoon  when  FPL  experienced  its  peak  electricity  demand,  so  substituting  SDHW  reduced  the  peak 
load  little  and  saved  FPL  little  Investment  On  the  other  hand  during  off  peak  times,  electric  water  heaters 
consumed  large  amounts  of  power  -1  ,500  kWh  per  year— and  so  contributed  substantially  to  FPL 
revenues 

Despite  these  results,  FPL  ultimately  petitioned  the  Commission  to  continue  its  SDHW  Incentive  pay¬ 
ment  program  because  of  FPLs  concern  that  many  of  the  benefits  of  renewable  (e  g  ,  environmental  bene¬ 
fits,  fuel  diversity,  continued  support  for  the  embryonic  solar  Industry)  were  not  captured  in  the  cost-benefit 
analysis 

At  the  same  time,  FPL  discovered  in  its  review  of  the  SDHW  program  that  swimming  pool  pumps  had  a 
high  load  during  the  late-aftemoon  peak  period  Subsequent  analysis  found  that  photovoltaic-powered  pool 
pumps  had  a  benefit-cost  ratio  of  1  2  (i.e.,  20  percent  net  benefits)  An  Incentive  program  for  photovoltaic- 
powered  pool  pumps  IS  now  under  study. 


■  Steven  R  Sim  Residential  Solar  DSM  Programs  at  Finr  Oa  Power  and  “  Sdai  Age  September-October  1991  pp  23-25 


signs  that  are  integrated  into  the  building  shell,  re¬ 
ducing  overall  material  and  construction 
requirements.  Homeowner  costs  may  also  be  re¬ 
duced  by  incorporating  the  co.;ts  of  the  system 
into  the  home  mortgage — amortizing  SDHW 
costs  over  30  years  and  allowing  interest  charges 
to  be  deducted  from  tax  payments. 

I  Active  Space  Heating  and  Cooling'' 

Active  space  heating  and  cooling  systems  use  dis¬ 
crete  solar  collectors — large  panels  glazed  with 
glass  or  clear  plastic— on  the  roof  or  beside  the 
structure  to  capture  sunlight  and  pipe  the  energy 


where  it  can  heat  a  building  or  drive  a  cooling 
system. 

Active  space  heating  and  cooling  systems  are 
cost-effective  for  only  a  1  imited  range  of  applica¬ 
tions. ^'^The  primai'y  difficulty  with  active  sys¬ 
tems  is  that  lai'ge  costly  areas  are  required  to 
collect  the  relatively  low-energy-intensity  solar 
resource.  It  is  difficult  to  do  this  cost-effectively 
with  discrete  dedicated  material-  and  labor-  inten¬ 
sive  collectors.  In  contrast,  the  cost-effectiveness 
of  passive  architecture  is  largely  the  consequence 
of  being  able  to  use  elements  of  the  building  it- 


(.'lassie  Ucscripiion.s  of  ac  rive  s\  stems,  see  .A.  Duffie  anti  William  A.  Bcck.ma  in,  Sahit  Fn^inccnrii!  ofThcmutl  Prot  fe.f.  y.nd  Fd. 
(New  York,  NY:  John  Wiley  rt  Sons.  1^91);  and  Bruce  D.  Hunn  et  al.  (eds.),  Principles  and  Coticcp^sfor  Aan  c  Fntur 

(Golden,  CO:  Solar  F.nci'«s  Re.seareh Institute.  July  1987). 

s.  Department  of  Lneriiy.  able  Energy  Technology  Evolution  Rationales,”  draft,  Oct.  5.l99f):and  .American  Solar  Energy  Soci¬ 
ety,  Prof*res^  in  Sotiir  Encr^s  'fi’chnole^icstitui  Applii'iuions:  Ail  Anfhoriutnvf  (Boulder,  CO:  lanuarslVvd  ). 
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self — at  little  or  no  additional  material  or  labor 
cost — to  perform  the  collection  function. 

Several  recent  efforts  have  focused  on  reducing 
the  material  intensity  of  active  solar  systems  by 
integrating  the  collector  into  the  building  shell. 
For  example,  solar  collectors  are  being  developed 
that  heat  ventilation  air  before  it  enters  a  build¬ 
ing.*’ These  collectors  form  part  of  the  building 

wall.  Because  ventilation  air  is  a  low-temperature 
application  (roughly  65°  to  70°F)  and  because  air 
is  pulled  through  the  collector  to  the  inside  (mini¬ 
mizing  heat  losses),  glass  or  plastic  covers  are  not 
needed  for  insulation  as  is  common  for  somewhat 
higher  temperature  applications  (such  as  solar  do¬ 
mestic  hot  water  heaters).  These  factors  minimize 
the  use  of  additional  materials.  At  the  same  time, 
low  temperatures  also  mean  that  these  systems 
can  be  relatively  high  inefficiency.  This  technolo¬ 
gy  received  one  of  the  prestigious  R&D  100 
awards  from  Research  and  Development  maga¬ 
zine  for  1994.  Ventilation  preheat  may  become  a 
more  important  consideration  as  new  air  quality 
standards  for  buildings  are  implemented,**  and 
these  technologies  appear  likely  to  be  cost-effec¬ 
tive  in  some  colder  climate  applications. 

I  Landscaping  and  Tree  Planting^’ 

The  summer  and  winter  temperatures  of  urban 
areas  tend  to  be  higher  than  rural  surroundings  be¬ 


cause  asphalt,  concrete,  and  other  construction 
materials  absorb  and  hold  large  amounts  of  heat, 
and  because  there  is  little  vegetation  for  shade  or 
to  transpire  moisture  and  thus  lower  urban  tem¬ 
peratures.  so  In  some  cooling-dominated  climates, 

shading  and  reflective  surfaces  may  help  cool 
buildings  example,  the  National  Academy 

of  Sciences  estimates  that  planting  trees  and  light¬ 
ening  the  color  of  roads  and  buildings  could  re¬ 
duce  U.S.  air  conditioning  use  by  about  25 
percent.  52  Likewise,  absorptive  surfaces  and 

properly  designed  landscaping  can  help  reduce 
heating  requirements  in  other  areas. 

In  response  to  this  opportunity,  several  tree 
planting  programs  have  recently  been  initiated  or 
considered,  including  utility  demand-side  man¬ 
agement  programs.  Little  is  known  at  this  point 
about  the  overall  cost-effectiveness  of  these  ef¬ 
forts.  Balancing  the  potential  energy  and  peak 
electric  capacity  savings  (which  require  further  re¬ 
search  themselves)  are  outreach,  planting  costs, 
maintenance,  water  use,  risk  of  loss  of  trees,  and 
other  factors.  In  addition,  there  are  concerns  about 
root  growth  into  sidewalks,  sewers,  and  founda¬ 
tions,  among  other  issues.  The  location  of  trees 
around  a  house  and  in  any  urban  environment 
must  be  carefully  considered  so  as  to  help  rather 
than  hinder  passive  perfonnance  in  all  seasons. 


47  Charles  p.KutschcT  and  Craig  B.  Christensen,  “Unglazed  Transpired  Solar  Collectors,”  Advancex  In  Solar  Energy,  Karl  W.  Boer(cd.) 
(Boulder,  CO:  American  Solar  Energy  Society,  1992);  and  Charles  E.  Kulschcr.  “Unglazed  Transpired  Solar  Collectors,”  Solar  Today,  August 
1992,  pp.  21-22. 

^In  the  past,  ventilation  air  heating  wa.s  generally  not  a  separately  identified  load.  Over  the  past  two  decades,  however,  residential  and 
commercial  buildings  have  been  made  substantially  more  airtight  in  order  to  increase  efficiency;  consequently,  ventilation  air  heating  is  becom¬ 
ing  a  more  identifiable  load.  With  new  concerns  over  air  quality  and  higher  ventilation  rates  under  American  Society  of  Heating,  Refrigeration, 
and  Air  Conditioning  Engineers’s  new  standards,  ventilation  air  heating  is  I  ikely  to  become  an  important  energy  demand  and  may  account  for 
roughly  5  to  15  percent  of  building  energy  demand. 

49^  5}  Environmental  PraicciAiin  Agency,  Cooling  Our  Communities:  A  Guidebook  on  Tree  Planting  and  Light-Colored  surfacing  (Wash¬ 
ington,  DC:  1992). 

^Urbanheat  i.sland  effects  may,  however,  benefit  winter  heating.  On  the  other  hand,  trees  can  provide  important  wind  shielding  from  winter 
winds  and  reduce  building  heat  loss,  but  winter  shading  even  by  bare  branches  can  reduce  winter  heat  gain  substantially. 

5  I  care  must  be  taken,  however,  thatlightsurfacesdonol  reflect  into  adjacent  windows  and  increase  glare  and  cooling  requirements. 

52  Academy  Sciences,  ppif^^ylmplkatiorts  of  Greenhouse  Warming  (Washington,  DC:  National  Academy  press,  1991). 

Gregory  McPherson,  “Evaluating  the  Cost  Effectiveness  of  Shade  Trees  for  Demand- Side  Management,”  The  Electricity  Journal, 
November  1993,  pp.  57-65. 
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Much  further  RD&D  is  needed  to  better  under¬ 
stand  all  these  issues. 

The  potential  in  urban  cores  is  less  clear 
because  of  the  density  and  scale  of  construction. 
Further  research  and  carefully  monitored  demon¬ 
strations  are  needed  to  clarify  this  potential.  Car¬ 
bon  sequestration  and  air  quality  benefits,  as  well 
as  aesthetic  benefits,  are  potentially  also  provided 
by  suburban  and  urban  tree  planting  programs.  B  y 
one  estimate,  a  5°F  (3°C)  reduction  in  the  daily 
high  temperature  of  Los  Angeles  by  using  light- 
colored  surfaces  on  roads  and  buildings  and  by 
planting  trees  coi  I  reduce  smog  episodes  by  one- 
third  .54 

I  Integrated  Design 

All  of  these  technologies — passive  or  active  solar 
heating  and  cooling,  daylighting,  efficiency  im¬ 
provements,  and  others — must  be  considered  in 
an  integrated  fashion.  Adding  sufficient  window 
area  to  heat  a  poorly  insulated  building  in  the  win¬ 
ter  may  require  such  large  amounts  of  thermal 
mass  to  reduce  day-night  temperature  swings  that 
it  is  not  cost-effective,  whereas  adding  a  small 
amount  of  window  area  to  a  well-insulated  build¬ 
ing  may  provide  highly  cost-effective  heating. 
Thermal  mass  considered  only  for  its  winter  heat¬ 
ing  benefits  may  not  be  cost-effective,  but  when 
considered  for  its  summer  air  conditioning  peak 
load  shifting  as  well,  it  may  be  quite  desirable. 

Integrated  building  design  is  very  important  for 
achieving  high  performance  in  these  systems.'" 
Integrated  design  considers  a  wide  range  of  cost 
and  performance  tradeoffs  across  all  aspects  of  the 
building’s  design  in  order  to  deliver  the  highest 
quality  building  services — thermal  comfort, 
lighting,  clean  air,  aesthetics — at  the  lowest  pos¬ 
sible  life-cycle  cost.  Adequate  consideration  of  all 


these  factors  is  a  very  design-intensive  process. 
Consequently,  the  lack  of  capable  computer  de¬ 
sign  tools  to  aid  the  architect  and  builder  in  this 

process  is  an  important  factor  that  has  limited  pen¬ 
etration  of  these  technologies.  Improved  knowl¬ 
edge  of  building  physics  and  the  widespread 

availability  of  powerful  personal  computers  tire 
now  opening  up,  for  the  first  time,  the  possibility 
of  sophisticated,  integrated  building  design. 

I  RD&D  AND  COMMERCIALIZATION 

For  RETs  to  make  a  substantial  contribut  ion  to  en¬ 
ergy  needs  in  the  buildings  sector  a  variety  of 
RD&D  and  commercialization  issues  must  be  ad¬ 
dressed.  RD&D  needs  are  examined  briefly  here, 
followed  by  a  detailed  look  at  several  key  com¬ 
mercialization  challenges. 

I  Research,  Development, 
and  Demonstration 

Although  several  of  these  renewable  energy 
technologies  are  moderately  mature,  further  R&D 
is  needed  in  areas  such  as  monitoring  systems; 
computer-aided  design  tools  for  integrating  day¬ 
lighting,  passive  solar  heating  and  cooling,  and 
other  attributes  in  building  design;  more  intelli¬ 
gent  lighting  controls  to  better  integrate  ai'tificial 
lighting  with  day  lighting  availability;  electroni¬ 
cally  adjustable  and  spectrally  selective  windows; 
and  improved  materials  for  active  and  passive  so¬ 
lar  heating  elements.  These  and  other  potential 
areas  for  further  RD&D  are  summarized  in  table 
3-1. 

past  Experiences^' 

Research,  development,  and  demonstration  of 
RETs  for  buildings  has  been  supported  by  federal 
and  state  policies  and  programs  for  some  two  dc  - 


Berkeley  l.aboratory.  islands  and  How  To  Cool  Them,”  Center  for  Buihlin^  Science  .V*  sprinjil 
5sj  |)o„f^a.sBaicomb.-Jmepratodl>si2n,”  presemed  at  the  Ss  mpoMunj  oq  .Solar  n;ier>:y  and  Buildings.  Athens.  Greece.  Dec,  1 0. 

I  993. 

<6Thc  discussion  on  experience  is  based  on  J,  Douglas  BulcDTUb.  Passive  Rene^yohle  tr/erx’v  Hhat  \  Holdim^  Ttv  Vf)  *  VVhfi/  Shouhl  He 
Done?  (Boulder,  CO:  National  Renewable  Energy  Laboratory.  July,  1992);  and  personal  communications  with  conaibutor  asUsiedin  the  front 
of  this  report. 
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TABLE  3-1 :  Research  and  Development  Needs  j 

Materials 

Insulants,  particularly  transparent  Insulants  such  as  aerogels 

Electronically  adjustable  spectrally  selective  windows, 

Improved  lighting  controls  for  Integrating  daylighting  and  artificial  lights 

Improved  and  longer  life  gaskets  and  sealants 

Phase-change  materials, 

Desiccants  for  cooling  systems. 

Selective  surfaces 

Improved  catalysts  for  small-scale  biomass  combustion  emissions  control 

Alr-to-alr  heat  exchanger  materials 

Building  physics 

Passive  cooling  techniques,  Incuding  radiant  cooling 

Perimeter  daylighting  systems,  allowing  deeper  penetration  of  perimeter  spaces 
Atria  design  for  better  daylighting  and  thermal  performance 

Basic  heat  transfer  and  natural  convection  air-flow  research  to  Improve  perfor¬ 
mance  and  comfort 

Moisture  absorption  and  desorption  in  building  materials 

Duct  design 

Whole  buildings 

Testing  advanced  concepts  In  buildings, 

Performance  monitoring  of  solar  buildings 

Model  land-use  controls  to  encourage  proper  subdivision/site  design 

Human  comfort  research 

Determining  what  makes  people  comfortable  or  uncomfortable  with  respect  to 
temperature,  humidity,  lighting,  and  other  factors  within  a  building. 

Design  tools 

Improved  residential  and  commercial  building  design  tools  that  perform  Integrated 
analysis,  including  daylighting  and  window  design,  space  heating,  space  cool¬ 
ing,  and  utility  demand-side  management 

Development  of  simplified  design  tools  for  the  design  and  construction  community. 
Validation  of  design  tools 

SOURCE  Off  Ice  of  Technology  Assessment,  1995 


cades.  This  support  has  led  to  important  develop¬ 
ments  in  many  aspects  of  passive  and  active  solar 
design;  a  variety  of  efficient  lighting  and  tip- 
pliance  technologies;” 

coatings"'*  and  other  window  technology  im¬ 
provements,  including  the  development  of  design 
tools; "'"radiant  barrier  technology;  ventilative 


and  desiccant  cooling;  and  other  technologies. 
Not  all  projects  were  successful,  of  course,  but  the 
overall  track  record  has  been  good. 

Support  has  also  been  provided  for  a  number  of 
demonstrations  and  field  monitoring.  The  Depart¬ 
ment  of  Energy  (DOE)  Passive  Solar  Commercial 
Buildings  Program  supported  the  design  of  27 


Howard  el  jjj,  "The  Importance  of  Government- Supported  Research  and  Dev  clf>pnicnl  in  Ad\  iinc mg  Energy  EfTicicncy  in  the 

United  States  Buildings  Sector,”  E{ecirkii\:  Effideni  EmidJsf'  and  Nnv  Generation  Tei:hnoif>}iie}i.  and  Their  Platmin^  }mp!icatiom,  Tliomas 
B.  Johansson  et  al.  (eds.)  (Lund,  Sweden;  Lund  University  lVcss.l9S9). 

-‘’^Byonccstiniaie.^^®  technology — national  savings  to  federal  investment-hus  been  7.(KX)iolSee  ibid. 

-‘’'^01  particular  note  is  the  l,awrcncc  Berkeley  Laboratory  Window  4.0  and  other  window  design  tools, 
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commercial  buildings  throughout  the  United 
States  and  monitored  the  cost  and  performance  of 
12  of  them.*^  Energy  and  operating  expenses  were 
cut  in  half  with,  on  average,  no  net  increase  in 
construction  costs.  Overall,  lighting  energy  was 
reduced  65  percent,  cooling  65  percent,  and  heat¬ 
ing  44  percent  compared  with  standard  construc¬ 
tion  (figure  3-1  ).  Detailed  surveys  found 
occupants  highly  satisfied  with  the  buildings,  par¬ 
ticularly  the  daylighting.  Key  factors  contributing 
to  success  included  federal  use  of  private  parties  to 
design,  construct,  and  use  the  buildings,  with  the 
federal  role  limited  to  bringing  the  parties  togeth¬ 
er,  absorbing  the  additional  cost  of  designing  the 
buildings,  and  monitoring  building  cost  and  per¬ 
formance.  This  program  helped  train  numerous 
architects,  engineers,  and  builders:  provided  de¬ 
monstrable  proof  that  the  concepts  worked;  and 
helped  leverage  the  construction  of  many  other 
passive  buildings. 

Similarly,  the  Class  B  Residential  Passive  So¬ 
lar  Performance  Monitoring  Program  conducted 
by  the  Solar  Energy  Reseai*ch  Institute  (SERI — 
now  known  as  the  National  Renewable  Energy 
Laboratory)  took  detailed  data  (about  20  data 
points  an  hour)  for  about  60  passive  houses  over 
an  extended  period,*^' These  data  showed  that  the 
passive  systems  provided  more  than  half  of  the  net 
heating  load  of  these  buildings  and  gave  insights 
into  how  they  worked  as  well  as  what  did  not 
work.  This  program  provided  reliable  documenta¬ 
tion  and  support  for  these  technologies  and  data  to 
aid  researchers  in  improving  these  designs  further. 
Some  believe  this  to  be  one  of  the  most  valuable 
programs  of  the  period  because  it  provided  de¬ 


tailed  information  to  designers  and  engineers  on 
what  worked,  what  did  not  work,  and  why. 

Some  programs  were,  however,  less  success¬ 
ful,  particularly  those  that  attempted  to  push  inap¬ 
propriate  or  immature  technology  into  the  market. 
For  example,  a  number  of  active  solar  cooling  sys¬ 
tems  using  different  technologies  were  designed 
and  built  as  demonstrations,  A  few  were  techni¬ 
cally  successful,  but  many  never  operated  and 
none  were  ever  close  to  being  cost-effective  or  de¬ 
veloping  a  self-sustaining  market.  The  develop¬ 
ment  of  cooling  systems  is  important  for  much  o^ 
the  United  States,  as  well  as  m-  .h  of  the  develop¬ 
ing  world.  Before  such  technology  pushes  are  at¬ 
tempted,  however,  realistic  technologies  must  be 
chosen  and  the  research  and  development  (R&D) 
must  be  focused  on  ultimately  providing  commer¬ 
cially  viable  products. 

RD&D  Funding 

Overall  federal  funding  for  such  RD&D  programs 
is  listed  in  table  1-4  and  has  been  in  the  range  of  $2 
million  to  $5  million  per  yeai’  in  recent  years.  In 
comparison,  annual  private  and  public  expendi¬ 
tures  for  energy  to  heat,  cool,  light,  and  provide 
other  energy  services  for  residential  and  commer¬ 
cial  buildings  are  roughly  $180  billion  annually.'^* 
If  a  10-percent  overall  energy  savings  could  be 
realized  in  the  longer  term  by  using  RETs  in  build¬ 
ings — one-half  to  two-thirds  the  potential — $18 
billion  would  be  saved  annually,  without  even 
considering  growth  in  the  stock  of  buildings  or  in¬ 
creases  in  energy  prices.  This  amount  is  roughly 
4,000  to  10,000  times  recent  federal  expenditures 


Hill  Kosar  R >tlc I mann  Associates  ami  Min  Kamrowii?  A'<siH'.iaU'S,  Commcrc  iai  Bul/ding  Design:  IntegratingCUmoie.  C(?mfort,  nnd 
Cost  (New  York,  NY:  Van  Nostrand  Reinhold  Co.,  1VS7)-.  and  U.S.  Department  of  Energy,  Project  Summaries:  Passive  Solar  Commercial 
Buildings  Program  (Washington,  DC  I9,S2). 

^ •Solar  Energy  Research  InsiitiHc.  20  SER1.'SP'27I  -2473  (Golden,  CO:  December  l9S4);  and  Solar 

Energy  Research  Institute,  Passive  Solar  Manufai  tured  Huildings: Design,  Construction. and  Class  B  Rc.sults^^PM\fSV-2l  1-2059  (Golden, 
CO:  December  1984). 

^^Energy  Information  Administration,  op.  cu.fooinoie! 
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on  RD&D  in  these  technologies.  A  10-percent 
savings  in  the  buildings  sector  corresponds  rough¬ 
ly  to  reducing  total  U.S,  primary  energy  use  by 
about  3,5  percent,*^^ 

In  comparison,  coal  currently  supplies  about  23 
percent  of  total  U.S.  energy  and  54  percent  of  U.S. 
electricity.  Fully  implemented,  the  clean  coal  pro¬ 
gram  would  reduce  U.S.  energy  use  by  about  4.3 
percent,'^  as  well  as  substantially  reducing  emis¬ 
sions  of  sulfur  and  nitrogen  oxides  (SO^and 
NOx>/^(RETs  in  buildings  would  have  a  substan¬ 
tially  smaller  direct  impact  on  emissions  of  SO^ 
and  NOxO 

While  annual  appropriations  for  RETs  in  build¬ 
ings  have  been  $2  million  to  $5  million  in  recent 
years,  those  for  the  clean  coal  program  have  typi¬ 
cally  been  in  the  $400  million  to  $500  million 
range,  roughly  100  times  greater.  Although  these 
calculations  are  crude  and  the  programs  are  not  di¬ 
rectly  comparable  in  many  respects,  these  esti¬ 
mates  do  give  an  order-of-magnitude  comparison 
of  the  relative  benefits  and  costs  of  these  pro¬ 
grams.  A  much  more  detailed  analysis  of  the  rela¬ 
tive  long-term  value  of  these  and  other  programs 
would  be  useful. 


I  Commercialization  Overview 

A  variety  of  market  challenges  limits  the  commer¬ 
cialization  of  RETs  in  the  buildings  sector.  These 
challenges  must  be  addressed  if  a  significant  share 
of  cost-effective  applications  of  RETs  in  buildings 
are  to  be  developed.'^^Such  actions  are  particular¬ 
ly  important  in  the  buildings  sector  because  of 
several  factors:  the  large  amount  of  energy  con¬ 
sumed  and  the  corresponding  environmental  im¬ 
pacts  of  fossil  energy  use;  the  very  long  lifetime  of 
buildings  and  the  inherent  difficulty  and  cost  of 
modifying  them  after  construction;  and  important 
interconnections  with  other  sectors,  particularly 
electricity. 

There  is  a  large  literature  for  the  buildings  sec¬ 
tor  discussing  the  extent  to  which  various  chal¬ 
lenges  to  commercialization  and/or  observed 
consumer  behavior  actually  represent  market  dis¬ 
tortions  and  barriers.'’^ For  example,  studies  of  en¬ 
ergy  efficiency  investments  consistently  find 
implicit  discount  rates  of  20  to  800  percent, 
compared  with  market  rates  of  10  percent  real  and 
less. Some  believe  that  this  discrepancy  indi¬ 
cates  substantial  market  distortions  and  barriers; 


:;olar  buildings,  there  ma^be  small  additional  emissions  for  tlie  production  of  additional  glass,  cement,  and  so  forth.  A  total  I  ife-c>‘cle 
estimate  of  emissions  is  needed,  but  is  not  done  here. 

would  raise  efficiencies  from  the  current  35  percent  to  roughly  45  percent.  Since  electricity  accounts  for  about  85 

percent  of  coal  use  and  is  23  percent  of  total  national  energy  use,  the  improvement  in  efficiency  corresponds  to  national  energy  savings  of  4.3 
percent  when  fully  implemented  at  today’s  rate,  without  considering  future  changes  in  the  mix  or  number  of  generating  plants. 

Emi.ssions  reductions  of  90  percent  are  a  research  goal. 

^^Alihough  cost-effectiveness  as  discussed  here  is  based  only  on  market  prices  for  energy,  it  may  be  useful  to  include  environmental  and 
other  externalities  in  this  cost-effectiveness  criterion  to  the  extent  possible.  These  issues  are  not  addressed  in  the  discussion  here  for  the  biiild- 
ing.s  sector  but  are  discussed  for  electricity  in  chapter  6. 

^^Mostnf  this  literature  focuses  on  energy  efficiency  and  related  investments.  See,  e.g.,  Alan  H.  Sansiadet  al.,  On  ihe  Economic  Atiafysis  Of 
Problems  in  Enerj^y  E/Jidency:  \forkei  Barriers,  Market  Failures,  and  Policy  Implicatiom,  LBL-32652  (Berkeley,  CA:  Lawrence  Berkeley 
Laboratory,  Energy  Analysis  Program,  January  1993);  J.A.  Hausman,  ‘Individual  Discount  Rates  and  the  Purchase  and  Utilization  of  Energy- 
Using  Durdbks:'  Bell  Journal  of  Economics,  vol.  10,  1979,  pp.  33-54;  H.  Ruderman  et  al.,  “"fhe  Behavior  of  the  Market  for  Energy  Efficiency  in 
Residential  Appliances  Including  Heating  and  Cooling  Equipment,”  The  Enerf>y  Journal,  vol.  8,  No.  1,  1987.  pp.  10  I-  124;  Harry  Chemoff, 
“Individual  Purchase  Criteria  for  Energy-Related  Durables;  The  Misuse  of  Life  Cycle  Cost,”  The Enerfiy  Journahvol.  4,  No.  4,  October  1983, 
pp.  8  1  -86;  Fereidoon  P.  Sio.shansi,  ‘  The  Myths  and  Facts  of  Energy  Efficiency,”  Energy  Policy.  Apni  199  Kpp.  231  -243;  and  Kevin  A.  Hassett 
and  Gilbert  E.  Metcalf,  “Energy  Conservation  Investment;  Do  Consumers  Discount  the  Future  Correctly?”  Energy Policy.vol  21,  June  1993, 
PP- 7  10-716.  The  references  In  these  paper.s.  particularly  that@  Sanstadetal.,  provide  a  very  extensive  guide  to  tlie  literature. 

^^Hausman,  op.  ch-,  footnote  67;  and  Ruderman  et  al.,  op.  cit..  footnOte  67. 


Chapter  3  Residential  and  Commercial  Buildings  87 


others  believe  that  this  represents  legitimate  con¬ 
sumer  sensitivity  to  the  risk  and  uncertainties  of 
investing  in  energy-efficient  equipment/’ Re¬ 
gardless  of  the  cause  of  these  investment  patterns, 
there  appears  to  be  a  need  to  find  mechanisms  that 
reduce  the  gap  between  what  is  cost-effective 
from  the  societal  perspective  and  what  is  currently 
invested  in  by  the  individual.  The  focus  here  is  on 
the  practical  ways  in  which  various  factors  may 
limit  the  commercialization  of  RETs  in  the  build¬ 
ings  sector,  rather  than  a  theoretic]  discussion  of 

what  does  or  does  not  constitute  a  market  distor¬ 
tion. 

Market  challenges  to  the  use  of  RETs  in  build¬ 
ings  occur  at  every  Step  of  design,  construction, 
sale,  ownership,  and  energy  costing. 

I  Design 

Passive  solar  buildings  are  general]  y  more  design¬ 
intensive  than  conventional  buildings.  Low  mar- 
g  ins  on  design  fees  and  short  time  frames  for 

completing  designs,  the  frequent  lack  of  training, 
and  the  lack  of  capable  design  tools  and  other  sup¬ 
ports  tend  to  deter  architects  from  pursuing  such 
design-intensive  options.  There  may  also  be  little 
or  no  reward  to  the  architect  for  pursuing  an  ener¬ 
gy-conscious  design. 

Decisions  on  purchasing  RETs  require  compar¬ 
isons  across  many  attidbute^  such  as  first  cost, 
performance,  appearance,  and  convenience. 
These  attributes  often  overshadow  ^liergy  consid¬ 
erations.  For  example,  the  builder  may  realize  a 
higher  profit  margin  or  quicker  sale  by  adding  an 
extra  bathroom  or  Jacuzzi  rather  than  by  investing 
in  additional  insulation  or  adding  passive  solar  de¬ 
sign  features  to  reduce  life-cycle  costs  and  im¬ 


prove  overall  societal  costs  and  benefits.  These 
considerations  strongly  influence  design  and  par¬ 
ticularly  the  time  that  is  devoted  to  different  as¬ 
pects  of  design. 

Renewable  energy  technologies  may  also 
change  the  amenity  value  of  a  building.  Some  may 
object,  for  example,  to  the  appearance  of  a  (non  in¬ 
tegrated)  solar  water  heater  on  a  rooftop,  others 
may  appreciate  the  warmth  and  light  of  a  sun-tem¬ 
pered  living  room.  In  other  cases,  passive  solar  de¬ 
sign  may  not— or  may  be  (misperceived  to 
not — fit  in  with  the  local  architecture  and  thus  be 
le.,s  desirable  to  some  potential  buyers.  For  exam¬ 
ple,  brick  colonial  houses  may  be  able  to  incorpo¬ 
rate  modest  levels  of  passive  solar  techniques,  but 
extensive  use  would  be  difficult  without  changing 
appearances.  Builders  consequently  may  hesitate 
to  introduce  passive  solar  features,™ However, 
some  analysts  believe  that  effective  passive  solar 
designs  exist  for  almost  any  architectural  style,  in¬ 
cluding  brick  colonials.^ 

Strategies  to  address  the  design  challenge  of 
passive  solar  include  developing  design  tools  and 
guidelines,  providing  design  assistance  and  Sup¬ 
porting  information  exchange,  supporting  the 
education  and  training  of  architects  and  engineers 
in  these  technologies,  and  establishing  design 
competitions  and  awards/' 

Design  Tools  and  Guidelines 

The  development  of  capable  and  user-friendly 
computer  design  tools  would  address  to  varying 
degrees  all  of  the  design  challenges  noted  above, 
particularly  the  lack  of  time  or  resources  to  devel¬ 
op  design-intensive  passive  solar  architecture  or 
adapt  it  to  various  architectural  styles.  This  poten- 


amj  Metcalf,  op,  cil.,  footnote  67. 

Nick  Jon  Natif)nal  .A,ssociation  of  Home  Builders,  personal  coinmunication.  July  2.V  I  ^2. 

‘  Nicklas-  op.  oil.,  footnote  Kelley,  op.  cU..  footnote  20. 

‘^^■Sev  crui  of  those  ‘nterviesved  by  th.Office  Technology  Assc.ssmcnt  also  raised  concerns  about  the  1  lability  of  the  architectural 
should  any  thing—even  unrelated  to  the  RET — go  wrong  m  a  building  it  designed  using  RETs.  as  W  oil  as  the  more  general  concern  that  an  archi¬ 
tect  cannot  "experiment”  on  a  client.  A  possible  response  would  be  to  support  the  development  of  standard  practice  guidelines  or  stand.anis  lor 
the  useof  RETsin  buildings  through  an  organization  such  as  the  American  Society  for  Heating,  Refrigeration,  and  Air  Conditioning  Engineer\ 
w hose siamlards  are  widely  recognized  and  accepted.  This  would  reduce  both  the  liability  and  the  “experimentation”  concertrs. Further  analy¬ 
sis  of  these  issues  is  needed. 
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Neuffer  Construction  homes  m  Reno,  Nevada,  use  passive 
design  techniques  to  reduce  energy  use  by  35  to  50  percent 
compared  with  conventional  homes 


tial  is  largely  untapped.  The  buildings  sector — 
architects,  engineers,  builders,  equipment 
manufacturers — tends  to  be  highly  fragmented, 
with  relatively  few  resources  devoted  to  RD&D, 
developing  design  tools,  or  transferring  informa¬ 
tion.  Some  recent  work  has  begun  to  focus  on  this 
issue  (see  box  3-6). 

Such  passive  solar  design  tools  should  explicit¬ 
ly  interface  with  the  computer-aided  design 
(CAD)  tools  now  widely  used  to  design  commer¬ 
cial  buildings.  This  would  ultimately  allow  a  vari- 
et  y  of  performance  calculat  ions  and  optimizations 
to  run  in  the  background  while  the  building  is  de¬ 
signed  on  CAD.  (Such  tools  are  especially  needed 
for  the  earliest  design  stages,  when  the  architect  is 
just  beginning  to  sketch  his/her  vision  for  the 
building.)  Similar  development  is  needed  for  the 
residential  sector.  It  is  important,  however,  that 
design  tools  be  validated  on  an  ongoing  basis 
against  actual  building  performance.^^ 

Past  experience  with  the  development  of  de¬ 
sign  tools  has  been  quite  positive.  Useful  design 
tools  developed  with  federal  funding  and  distrib¬ 


uted  to  the  buildings  industry  include  the  “Passive 
Solar  Design  Strategies:  Guidelines  for  Home 
Building”  by  the  National  Renewable  Energy 
Laboratory  and  Passive  Solar  Industries  Council, 
the  Solar  Load  Ratio  Method  of  Los  Alamos, 
computer  programs  such  as  DOE-2^'*and  Win¬ 
dow-4  by  Lawrence  Berkeley  Laboratory,  and  the 
F-Chart  method  of  the  University  of  Wisconsin. 
These  tools  have  been  very  useful  to  many  design¬ 
ers  and  researchers  in  the  buildings  sector. 

Design  Assistance  and  Information  Exchange 

The  ongoing  collection  of  data  from  actual  moni¬ 
tored  field  demonstrations  of  technologies  and  the 
conversion  of  those  data  to  information  usable  by 
practitioners  can  potentially  play  a  key  role  in  sup¬ 
porting  design  work  and  validating  various  design 
approaches.  This  was  shown  to  be  an  important 
part  of  past  federal  support  of  RET  development 
for  buildings,  as  discussed  above  for  the  DOE  Pas¬ 
sive  Solar  Commercial  Buildings  Program  and 
the  Class  B  Residential  Passive  Solar  Perfor¬ 
mance  Monitoring  Program.  Such  monitoring  ef¬ 
forts  virtually  ceased  in  1982. 

The  federal  government  has  also  played  a  vital 
role  in  supporting  valuable  information  exchange. 
For  example,  18  Passive  Solar  Conferences  have 
been  held  in  the  United  States.  The  first  was  spon¬ 
sored  by  the  U.S,  Energy  Reseai'ch  and  Develop¬ 
ment  Agency  (ERDA)’^and  organized  by  the  Los 
Alamos  National  Laboratory  solar  group  in  1976. 
Since  then,  these  conferences  have  been  organized 
by  the  American  Solar  Energy  Society  with  some 
funding  from  DOE  and  others.  Similarly,  there 
have  been  international  Passive  and  Low-Energy 
Architecture  Conferences  held  annually  since 
1982  with  some  federal  support.  The  Passive  So- 
lar  Journal  was  also  launched  by  a  single  $85,000 


often  breakdown  when  critical  parameters  such  as  air  iiitiltratioii  rates  are  simply  guessed  or  when  prac¬ 
tical  construction  techniques  compromise  performance  (e.g.,  by  creating  thermal  short  circriits  between  the  building  interior  and  exterior). 

74  Although  adtiutiedly  user  unfriendly,  DOE-2  has  played  an  important  role  in  providing  a  technically  oriented  design  audience  with  an 
important  tool  for  understanding  energy  flow  in  buildings.  Lawrence  Berkeley  Laboratory,  with  funding  from  tlie  Electric  Power  Research 
Institute  and  DOE,  is  developing  a  uscr-fricndly.  interactive  version  of  this  energy- simulation  software, 
was  a  forerunner  the  Department  of  Energy. 
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BOX  3-6:  Passive  Solar  Design  Strategies:  Guidelines  for  Home  Building 


The  lack  of  high-quality  user-friendly  computer  tools  for  passive  building  design  has  been  a  serious 
constraint  on  more  widespread  use  of  these  systems  In  response,  researchers  at  the  National  Renewable 
Energy  Laboratory  and  the  Passive  Solar  Industries  Council,  in  a  five-year  collaborate  effort,  have  devel¬ 
oped  a  computer  tool,  Passive  Solar  Design  Strategies:  Gudelines  for  Home  Building,  with  support  from 
the  Department  of  Energy  It  has  been  distributed  widely  through  the  Pass-we  Solar  Industries  Council  To 
date,  more  than  100  versions  of  these  guidelines  have  been  generated  for  different  localities,  and  nearly  50 
workshops  have  been  held  with  more  than  3,000  attendees  The  response  has  been  good  with  almost  100 
known  passive  homes  constructed  using  these  guidelines  or  the  accompanying  software  called  Builder  j 

Guide  A  similar  program  is  now  under  development  for  small  commercial  buildings. 

Further  development  and  dissemination  of  these  design  tools  could  fill  an  Important  gap  in  making  pas¬ 
sive  designs  a  viable  option  for  designers  and  builders 

SOURCES  J  Douglas  Balcomb  National  Renewable  Energy  Laboratory  personal  communications,  March  1994  Helen  English 
Passive  Solar  Industries  Council  personal  communications  March  1994 


federal  grant/'*  These  efforts  were  a  primary 
source  of  in  format  ion  and  a  meet  ing  ground  for  re¬ 
searchers.  architects,  builders,  financiers,  and  po¬ 
licymakers. 

Education  and  Training 

For  RETs  to  be  designed  and  built  into  buildings, 
architects  and  engineers  must  be  trained  in  the 
technology.  Education  and  training  thus  play  an 
important  role  if  solar  buildings  industry  is  to  de¬ 
velop. 

Past  experiences  have  shown  both  the  benefits 
and  the  risks  of  depending  on  federal  assistance 
for  education  and  training  support.  For  example, 
the  masters  of  science  (MS)  program  at  Trinity 
University  in  San  Antonio  is  noted  by  some  as 
having  produced  a  particularly  fine  group  of  well- 
educated  solar  engineers  and  technologies.  This 
program  received  considerable  support  from  the 
DOE  Solar  Program  in  the  late  1970s  and  early 
1980s,  but  then  folded  in  the  mid-  1980s  when 
funding  dried  up.  In  contrast,  the  School  of  Archi¬ 
tecture  at  Arizona  State  Universit  y  has  maintained 
an  MS  solar  design  program  for  more  than  two  de¬ 


cades  with  essential  y  no  federal  support.  This  has 
greatly  limited  its  resources,  but  has  also  pro¬ 
tected  it  from  arbiti*ary  shifts  in  federal  funding. 

Design  Competitions  and  Awards 

Design  competitions  can  potentially  be  used  to 
stimulate  interest  in  RETs  for  buildings,  and  nu¬ 
merous  small  awards  can  be  given  for  better  de¬ 
signs.  Such  programs  could  be  structured  so  that 
there  are  many  winners — perhaps  half  of  the  en¬ 
trants,  while  the  awards  vary  from  a  few  thousand 
dollars  for  residential  buildings  to  a  few  tens  of 
thousands  for  commercial  buildings.  These 
amounts  would  be  sufficient  to  cover  a  substantial 
portion  of  the  additional  design  costs  of  including 
RETs  in  the  building,  while  keeping  overall  pro¬ 
gram  costs  relatively  low. 

Past  experience  with  such  design  competitions 
has  been  positive.  DOE  and  the  Department  of 
Housing  and  Urban  Development  (HUD)  collabo¬ 
rated  in  holding  three  rounds  of  passive  solai*  de¬ 
sign  competitions  in  the  late  1970s  and  early 
1980s.  Awards  were  given  to  the  best  designs, 
based  on  performance  and  ai’chitectural  quality, 


’-Supp<.>rt  ended.  hnwc\  cr,  before  this  publication  Ix^camcscif-supportiti";  it  is  no  longer  published. 
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and  covered  the  additional  cost  of  designing  a  pas¬ 
sive  home  and  entering  the  competition.  77  Only  a 
few  hundred  awards  were  given  out,  but  the  inter¬ 
est  generated  led  to  the  construction  of  thousands 
of  passive  solar  homes.  Thsse  competitions  also 

pushed  designers  to  develop  better  quantitative 
analysis  tools  for  passive  design  and  encouraged 
their  more  widespread  use  in  the  private  sector.  A 
number  of  constraction  practices  now  becoming 
standard  were  derived  in  part  from  these  competi¬ 
tions  and  related  demonstrations,  including  bet¬ 
ter-insulated  walls  and  roofs,  improved  windows 
and  doors,  airtightening  techniques,  and  founda¬ 
tion  insulation. 

I  Construction 

In  1990,  the  residential  construction  industry  built 
1.4  million  new  homes,  two-thirds  of  which  were 
single  family.  This  industry  consists  of  about 
100,000  firms  with  an  average  of  five  employees 
each.  Small  firms,  however,  built  only  13  percent 
of  new  housing  units;  firms  that  build  more  than 
100  units  per  year  account  for  two-thirds  of  new 
housing  units  and  may  be  better  able  to  use  new 
designs.  In  general,  however,  the  industry  is  high¬ 
ly  fragmented,  which  makes  the  introduction  of 
new  design  and  construction  practices  difficult.^^ 
This  problem  is  compounded  by  the  highly  frag¬ 
mented  local  codes  and  standards  to  which  build¬ 
ings  must  be  constructed.  As  a  trade  industry, 
practices  are  generally  learned  by  experience, 
which  also  contributes  to  the  long  times  for 
change  within  the  industry. 

Some  have  argued  that  laying  out  a  new  subdi¬ 
vision  to  maximize  the  potential  solar  gain  may 
reduce  the  number  of  homes  that  will  fit  in  a  tract, 
potentially  raising  prices  and  lowering  developer 


revenues.  Others  note  that  lots  can  be  laid  out  as 
desired;  those  most  suitable  for  passive  solar  can 
have  appropriate  designs  built  on  them,  while  oth¬ 
ers  can  place  less  emphasis  on  passive  solar  and 
more  on  efficiency.^" 

Construction  bidding  (by  building  contractors) 
is  almost  always  done  on  a  competitive  first-cost 
basis  rather  than  a  life-cycle  cost  basis.  Higher  real 
or  perceived  upfront  costs  may  then  deter  invest¬ 
ment  in  RETs.  Construction  budgeting  (by  own¬ 
ers  or  architect/engineering  firms)  is  usually  done 
on  a  first-cost  basis  as  well,  but  sometimes  is 
based  on  life-cycle  cost. 

Strategies  to  address  the  construction  challenge 
include  supporting  the  construction  of  demonstra¬ 
tion  buildings  and  monitoring  their  performance 
carefully;  supporting  information  exchange;  es¬ 
tablishing  solai’  equipment  rating  and  certifica¬ 
tion;  encouraging  utility  investment;  developing 
voluntary  or  mandatory  building  energy  rating 
systems,  codes,  and  standards;  and  giving  “golden 
carrots”  to  manufacturers. 

Demonstrations 

Demonstration  buildings  and  detailed  perfor¬ 
mance  monitoring  can  provide  builders  with  vis¬ 
ible,  physical  proof  that  a  technology  works. 
These  demonstrations  differ  from  the  RD&D  ef¬ 
forts  described  above  in  that  they  would  not  fea¬ 
ture  new  or  unproven  technologies,  but  instead 
would  serve  as  showcases  for  commercially  vi¬ 
able  technologies  that  builders  and  potential  users 
could  see  and  touch. 

Information  Exchange 

Information  programs  can  play  an  important  role 
in  generating  interest  among  potential  builders  of 


'^‘^Califomia Energy Coininissioa,  “Solar  Gain:  Winners  of  the  Passive  Solar  Design  Competition”  Febriiaiy  1980;  and  Franklin  Research 
Center,  “The  First  Passive  Solar  Home  Awards  ”  prepared  for  the  U.S.  Department  of  Housing  and  Urban  Development,  January  1979. 
Douglas  Energy  Laboratory,  personal  communication,  Febaiaiy 

790  fficc of  Technology  Assessment,  op.  ClI.,  footnotes. 

SoJeffrey  Cook,  Arizona  State  University;  Mike  Nicklas.  Innovative  Design;  and  Mary-Margaret  Jenior,  U.S.  Department  of  Energy,  per¬ 
sonal  communications,  Apr.  3, 1994.  Mark  Kelley,  Building  Science  Engineering,  personal  communication,  Apr.  i3, 1994. 
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passive  solar  buildings  or  other  RETs  in  the  build¬ 
ings  sector  and  educating  them  as  to  what  works 
and  what  does  not. 

Solar  Equipment  Rating  and  Certification 

Private  sector  equipment  rating  and  certification 
systems  have  sprung  up  widely  where  large  mar¬ 
kets  exist;  establishing  such  systems  where  mar¬ 
kets  are  young  or  small  is  more  difficult.  Such 
rating  and  certification  programs  can  increase 
consumer  confidence  and  reduce  the  risk  of 
“quick-buck”  operations  that  damage  the  indus¬ 
try’s  reputation;  they  can  help  standardize 
technology  evaluations;  and  they  can  provide  a 
means  of  comparing  technologies.  These  benefits 
can  be  important  to  a  young  and  struggling  indus- 

Several  equipment  rating  and  certification  sys¬ 
tems  have  been  initiated  with  assistance  from  fed¬ 
eral  and  state  governments.  A  system  for  rating 
windows  has  been  developed  by  the  National  Fen¬ 
estration  Rating  Council  and  Lawrence  Berkeley 
Laboratory.  Solar  water  heaters  are  rated  under  the 
Solar  Rating  and  Certification  Corporation,  an  in¬ 
dependent  nonprofit  corporation  formed  in  1980 
by  the  Solar  Energy  Industries  Association  and 
the  Interstate  Solar  Coordination  Council,  which 
represents  state  governments  and  publicly  owned 
utilities."  Rating  and  certification  could  be  ex- 

tenocd  to  other  products,  particularly  those  used 
in  passive  applications  sucn  as  daylighting  sys¬ 
tems  and  integrated  lighting  controls,  and  inte¬ 
grated  mechanical  systems. 

Utility  Investment 

Utilities  could  potentially  benefit  substantially 
from  RETs  by  reducing  overall  load,  reducing 
peak  loads,  and  shifting  peak  loads  to  offpeak 
hours.  The  cost-effectiveness  of  these  DSM  ap¬ 


plications  depends  on  the  location,  the  particular 
building  load,  the  utility  load,  the  RET,  and  other 
factors.  Utility  DSM  programs  have  grown  rapid¬ 
ly  to  exploit  the  potential  for  improvements  in  en¬ 
ergy  efficiency.  Because  of  internal  procedures. 
Public  Utility  Commission  directives,  or  other 
factors,  however,  many  utility  DSM  programs 
may  not  adequately  consider  RETs.  Factors  such 
as  the  Ratepayer  Impact  Test  may  also  play  a  role 
in  reducing  support  for  RET  DSM  programs**' 
(see  box  3-7).  To  overcome  this  potential  short¬ 
sightedness  requires  specific  recognition  of  the 
role  of  renewable  as  a  DSM  measure.  This  is  pri¬ 
marily  a  state  public  utility  regulatory  commis¬ 
sion  issue.  Potential  federal  roles  might  include 
supporting  case  studies,  developing  generic  mod¬ 
el  DSM  programs  that  can  be  adjusted  by  region, 
and  providing  information  transfer  of  needed 
baseline  data. 

Building  Energy  Rating  Systems, 

Codes,  and  Standards 

Improvements  in  building  energy  performance 
could  be  achieved  with  building  energy  rating  sys¬ 
tems  or  with  codes  and  standards. 

Building  energy  rating  systems  could  be  used 
to  provide  reliable  information  on  the  expected 
energy  costs  of  a  particular  building.  This  v  mid 
provide  potential  buyers  or  renters  with  useful  in¬ 
formation  for  making  their  decision.  As  a  first 
step,  sellers  of  existing  properties  might  be  en¬ 
couraged  (or  required)  to  inform  potential  buyers 
of  the  building’s  energy  bills  for  the  previous  12 
months.  For  new  construction,  other  methods  of 
determining  energy  costs  are  needed.  For  exam¬ 
ple,  Home  Energy  Rating  Systems  are  at  various 
stages  of  pilot  demonstration  and  are  described 
briefly  in  box  3-8. 


^‘'\Sr>!arR^iing^CcriificationCorTX)rationRresemsO<V30lV89;TheMost  Comprehensive  Guide  on  Solar  Water  Heating  Systems;’ 
hr  huhisfrv  Journal,  fourth  quarter,  1990,  p,  36. 

«^Hor  more  detailed  discussions  of  this  issue,  see  David  Moskoviiz  et  al.  Increasing  the  Effificncy  of  hiecmaty  Producunn  (ind  the:  Barn- 
errand  Strategies  (Washington,  DC:  American  Council  for  an  Energy  Efficient  Economy,  November  1991  );  and  James  F.  Dcegan,“The  TRC 
ajtd  RIM  Tests.  How  They  Got  That  Way,  and  When  To  Apply  Them,”  The  Electricity  Journal,  November  1993,  pp.  4N45. 
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BOX  3*7:  Consideration  of  Passive  Solar  Homes  at  Sierra  Pacific  Power  Company' 


’Donald  Ailkenand  Paul  Bony,  ‘Passive Solar  Production  Housing  and  the  Utiities."  So/ar  Today,  March/April  1993,  pp  23-26 
'The  higher  cost  ;s  due  to  additional  features  provided 


Codes  and  standards  might  be  used  to  mandate 
certain  minimum  building  energy  performance 
standards;  these  in  turn  would  rely  on  renewable 
and  energy-efficient  technologies  for  imple¬ 
mentation.  The  key  to  this  is  developing  guide¬ 
lines  by  region  and  building  type  that  list 
reasonable  energy  budgets  and  goals.'' At  least  40 
countries  now  have  voluntary  or  mandatory  stan¬ 
dards  for  energy  use  in  new  buildings.**^ 

Whether  or  not  codes  and  standards  are  prefera¬ 
ble  to  market  mechanisms  depends  on  many  fac¬ 
tors,  including  the  flexibility  allowed  by  the  codes 
and  standards  as  implemented,  the  cost-effective¬ 
ness  of  codes/standards  or  market  mechanisms, 
and  the  influence  of  market  challenges  described 


in  this  section  and  the  effectiveness  of  market 
mechanisms  in  overcoming  them.  For  example, 
the  disjuncture  between  owner  and  tenant,  or  the 
consumer’s  perception  of  risk  and  uncertainty,*^^ 
may  overwhelm  many  market  mechanisms  and 
require  the  use  of  codes  and  standards  or  other 
nonmarket  approaches  if  there  is  to  be  rapid  mar¬ 
ket  penetration  by  cost-effective  technologies. 

Codes  and  standards  are  often  problematic  in 
practice.  It  maybe  difficult  to  properly  account  for 
integrated  design,  the  variability  of  building  types 
and  orientations,  or  a  variety  of  other  factors  with¬ 
in  the  constraints  of  prescriptive  standards.  Per¬ 
formance  standards  can  be  difficult  to  enforce: 


hisioi-v  of  building  provided  in  Office  of  Technology  Assessment,  Op.  cit.,  footnote  3,  pp.  107-109.  These  code.s 

are  novk  being  rev  iewed  and  updated  under  the  Energy  Policy  Act  of  1992,  sections  101,  102,  104,  and  elsewhere. 

«^Kathr\nB.Janda*^”^  “Worldwide  Status  of  Energy  Standards  fOr  Buildings,”  vo/.  19,  No.  1,  1994,  pp.  27-44. 

K5}bisscti  op.  cit..  footnote  67. 
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BOX  3-8:  Home  Energy  Rating  Systems  and  Energy-Efficient  Mortgages^ 


Heme  Energy  Rating  Systems  (HERS)  are  being  developed  to  provide  a  reliable  toos  for  predicting  the 
energy  use  of  residences;  Energy-Efficient  Mortgages  (EEMs)  will  incorporate  consideration  of  energy 
costs  when  underwriting  mortgages.  Thus,  purchasers  ot  low-energy-use  homes  WjII  more  easily  quality  for 
a  mortgage^  or  w^ili  qualify  for  a  larger  loan  than  those  who  purchase  inetticient  honnes. 

Efforts  to  develop  HERS  and  EEMs  go  back  to  about  1980,  but  the  programs  had  been  relatively  inac¬ 
tive.  The  current  national  effort  began  in  1990  with  the  National  Affordable  Housing  Act  and  :n  1991  with  tne 
National  Energy  Strategy.  In  1992.  the  Departments  of  Energy  and  Housing  and  Urban  Development,  and 
25  stakeholder  groups  released  "A  Blueprint  for  Action"  calling  for  voluntary  HERS  and  EEMs  and  provid¬ 
ing  a  framework  for  HERS-EEMs  programs,  including  c-.^ena  for  qualifying  for  a  loan,  oe*.;  .it  rate  data 
collection  and  use,  lender  indemnification,  properly  evaluation,  rating  system  validation,  quality  control, 
public  Information  p.  agrams.  and  builder  and  lender  training.  Work  to  further  define  each  ot  these  and 
other  issues  is  proceeding. 

The  National  Energy  Policy  Act.  the  Housing  and  Community  Development  Act.^  and  the  Veteran  Home 
Loan  Program  Amendments,' all  signed  In  1992,  accelerated  the  HERS-EEMs  effort  The  Housing  and 
Community  Development  Act,  in  particular,  requires  the  establishment  of  a  five-state  pilot  EEM  program 
and  work  is  proceeding 

HERS  and  EEMs  represent  an  Important  step  forward  Results  from  pilot  projects  should  prowde  valu¬ 
able  Information  on  how  to  make  them  more  effective  and  determine  their  true  potential 


'The  pnne-pai  source  for  this  box  is  Barbara  C  Tarhar  and  Jan  Energy  Efficient  Mortgagee  and  Home  UnfifQy  RaUnq 

Systems  A  Report  on  Netiens  Progress  NP£.Ln'P-46i  -5478  {Golden.  CO  National  Renewable  Energy  Laboratory  September 
1  993) 

?  By  one  estimate  some  2r;0  000  lamilies  might  Quarry  for  a  first-tme  home  ‘oar  under  who  otherwise  be  excluded 
under  todays  system,  which  does  not  consider  energy  use  snloan  u  jaifscation criteria  See  ibid 

’U  S  Congress  Housing  and  Community  Development  Act  of  1992,  Conference  Report  102-1017  C'ct  5  1992 
‘The  Veterans  Home  Loan  Amendments  (Title  38,  section  9)  establishes  a  nat  ionvvidoioar  guarantee  program — for  loans  up  to 
$6000  msome  circumstances— for  energy  effic-ency  improvements  to  an  nxislir-u  home  owned  and  occupied  by  a  veteran 


officials  chai-ged  with  enfo^^ing  building  codes, 
fer  example,  are  generally  more  concerned  with 
health  and  safety — they  will  not  be  aware  of  a 
higher  energy  bill,  but  if  a  deadly  fire  occurs  in  a 
building  they  inspected,  they  will  see  and  hear 
about  it  on  the  news  and  in  the  office.  Officials  are 
often  already  overcommitted,  and  energy  codes 
and  standards  tend  to  be  complex,  potentially  re¬ 
quiring  considerable  additional  attention,*'^  Tech¬ 


nically,  codes  and  standards  often  significantly 
lag  best  practice  and  are  slow  to  incorporate  tech¬ 
nological  improvements.  Codes  and  standards 
may  nevertheless  be  an  important  tool  in  ensuring 
a  minimum  level  of  performance. 

Where  codes  and  standards  are  used,  state  and 
local  governments  generally  play  the  lead  role;  the 
federal  government  can  also  tighten  energy-re¬ 
lated  codes  and  standards  and  work  with  state  or 


many  ctv1c  enforcement  depends  more  on  the  architect,  engineering  f  A.E)  firm  than  on  inspectors.  When  an  A- E  sub¬ 

mits  a  set  of  construction  documents  for  a  building  permit,  it  i.s  representing  that  the  documents  arc  in  compliance  \vi;h  all  applicable  regulations. 
Building  officials  can  check  onlv  limited  aspects  of  any  plan  to  s  erify  code  compliance.  Therefore,  if  compliance  with  an  energy  standard  is 
required,  A/Es  are  obligated  to  complyjust  as  they  are  with  fire  safety  provisi<ms.Of  course, training  issiillneeded  to  preside  the  A  E  with  the 
knowledge  needed  to  understand  and  comply  uith  the  requirement.  This  is  not  intended  (o  minimize  tire  importance  ot  code  re\iew  or  ot  train¬ 
ing  code  officials,  but  one  need  not  rely  solely  on  code  officials  to  achieve  compliance.  Harry  Gordon,  Burt  Hill  Kosar  Rittelmann  Associates, 
personal  communication,  Apr.  25,  1994. 
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local  government  to  improve  model  building 
codes.  Providing  an  overall  energy  code  and  al¬ 
lowing  substantial  flexibility  within  it  can  give 
designers  and  builders  more  opportunities  to  cost- 
effectively  and  market-effectively  meet  the  stan¬ 
dard;  however,  such  flexibility  also  increases  the 
complexity  of  enforcement,  compared  with  the 
use  of  prescriptive  codes  with  simple  checkoffs. 
For  example,  the  California  Energy  Commission 
Title  24  Building  Standards  are  noted  for  their  al¬ 
lowance  of  passive  solar  design  techniques  to  off¬ 
set  heavier  use  of  insulation;  however,  they  also 
require  complex  technical  documentation.  Title 
24  also  lags  technically  in  some  areas.  For  exam¬ 
ple,  it  has  yet  to  incorporate  low-emissivity  coat¬ 
ings  on  windows. 

Where  codes  and  standards  are  pursued,  it  is 
also  helpful  to  provide  support  for  validating  and 
adopting  particular  design  strategies  that  meet  the 
overall  energy  code  requirement.  Efficiency  and 
renewable  should  be  treated  equally  within  codes 
and  standards.  If  possible,  however,  it  is  generally 
preferable  to  use  a  carrot  to  improve  building  en- 
ergy  performance  rather  than  the  stick  of  codes 
and  standards. 

Golden  Carrots 

Manufacturers  of  RET  equipment  for  buildings 
might  be  given  cash  awards  in  competitions  to 
build  the  best-performing  equipment.  This  has 
proven  an  effective  approach  in  the  development 
of  efficient  refrigerator  designs,  and  would  com¬ 
plement  design  competitions  and  awards  for  ar¬ 
chitects  and  builders. 

I  Sale 

Individuals  pursue  several  goals  when  making  en- 
ergy-reiaed  building  investment  decisions — for 
example,  minimizing  the  time  to  make  a  decision, 
spending  the  least  amount  upfront,  minimizing 
risk  by  obtaining  the  same  item  that  worked  be¬ 


fore,  or  simply  avoiding  “hassle.”  Few  pursue  the 
goal  of  minimizing  life-cycle  costs,  which  RETs 
can  help  achieve. 

Individuals  often  lack  a  source  of  credible  in¬ 
formation  needed  to  make  sound  energy-related 
investments.  Vendors  of  solai'  systems  may  be 
viewed  with  suspicion  because  of  early  perfor¬ 
mance  problems  by  some  vendors  in  the  field.  Re¬ 
liable  information  on  actual  field  performance  of 
various  RETs  is  difficult  to  obtain,  and  RETs  are 
often  (misperceived  as  requiring  discomfort  or 
sacrifice,  which  limits  their  appeal. 

Strategies  to  address  these  problems  include  in¬ 
formation  programs,  field  demonstrations,  solar 
equipment  rating  and  certification  programs,  util¬ 
ity  encouragement  of  or  investment  in  building 
RETs,  building  energy  rating  systems,  and  ener¬ 
gy-efficient  and  renewable  energy  mortgages  or 
other  forms  of  financial  support  such  as  tax  cred¬ 
its.  Most  of  these  have  already  been  discussed 
briefly;  the  focus  here  is  on  various  forms  of  finan¬ 
cial  supports. 

RET  Mortgages 

RET  mortgages  would  allow  a  potential  home 
buyer  to  qualify  for  a  higher  loan  by  using  ex¬ 
pected  future  savings  in  energy  costs  to  cover  the 
higher  mortgage  payments.  Several  pilot  pro¬ 
grams  for  energy-efficient  mortigages  are  now  un¬ 
der  development  or  in  operation  and  will  provide 
useful  information  to  guide  future  efforts  in  this 
area.  Energy  efficiency  mortgage  pilot  programs 
are  described  in  box  3-8, 

Tax  Credits 

Tax  credits  reduce  the  effective  cost  to  an  investor 
of  an  investment  in  an  RET  technology.  There  has 
been  considerable  experience  with  these  financial 
supports. 

Federal  solar  tax  credits  were  enacted  in 
1978. "’‘In  response,  mai'kets  for  solar  equipment 


^’office  of  Technology  Assessment,  op.  cit.,  footnote 

XX  E,^.Tax  Act  of  i978.  Public  Jjjw  95.6]  8,  Nov,  9,  1978.  There  are  also  a  number  of  state  lax  credits,  many  of  which  continue  today. 
State  tax  credits  were  not  examined  in  the  course  of  this  assessment,  but  deserve  detailed  analysis  to  determine  better  what  works  and  why. 
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grew  rapidly.  There  were,  however,  unintended 
side  effects.  Equipment  prices  were  often  in¬ 
creased,  anil  some  of  this  solar  equipment  was 
poorly  designed,  poorly  built,  and  poorly 
installed,  which  resulted  in  failures.  The  market 
grew^  so  quickly  with  its  intense,  artitlcial  fertiliz¬ 
ing  by  tax  credits  that  it  had  insufficient  time  to 
w^eed  out  poor  products  and  establish  reputable 
brands  or  dealers.  The  tax  credits  may  also  have 
been  soniew^hat  inequitable  in  that  they  tended  to 
go  toward  individuals  in  higher  income  brackets 
that  could  afford  the  '  ^Vont  investment.  When 
the  tax  credits  were  wilttdrawn  in  1 9S5,  the  market 
crashed  and  numerous  systems  were  left  orphaned 
in  the  field.  vSomc  manufacturers  survived,  have 
persevered,  and  today  market  well-designed, 
high-performance  systems. 

in  addition,  the  lax  credits  applied  only  to  add¬ 
on  equipment,  not  to  passive  design  features — ^the 
most  cosi-cffectiv.e  approach — because  it  is  very 
difficult  to  design  tax  credits  so  that  they  apply  to 
the  marginal  investment  in  passive  features.  For 
example,  when  is  a  window  a  window'  and  when  is 
it  a  passive  design  element?  This  question  indi¬ 
cates  the  difficulty  of  separately  identifying  what 
components  of  a  passive  solar  design  should  qual¬ 
ify  for  a  credit  when  they  arc  intimate  components 
of  the  building  structure.  Consequently,  lax  cred¬ 
its  can  he  difficult  to  implement. 

Improvements  in  technology  nuty.  in  some 
cases,  sidestep  the  problem  of  identifying  passive 
solar  value.  For  example,  advances  in  window 
technology  make  high-performance  window's  en¬ 
ergy  savers,  irrespective  of  their  orientation.  Tax 
credits  might  be  provided  for  windows  that  per¬ 
form  better  than  a  baseline  standard,  according  to 


the  ratings  of  the  National  Fenestration  Rating 
Council. 

Finally,  the  tax  credits  were  expensive,  and 
there  has  been  considerable  debate  over  their  ef¬ 
fectiveness  in  stimulating  investment,-* Recent 
work  has  indicated  that  tax  credits  are  modestly 
effective  in  stimulating  investment,  but  are 
strongly  impacted  by  consumer  perception  of  the 
risk  of  future  energy  costs  versus  sunk  investment 
and  other  factors."*’  If  targeted  on  specific,  high- 
perforrmmee  but  expensive  technologies,  tax 
credits  may  be  effective  in  increasing  sales,  which 
in  turn  should  reduce  costs  of  manufacture. 

Feebates 

Rather  than  use  a  broad-based  energy  tax,  a  tax/re¬ 
bate  might  be  applied  to  new  construction  based 
on  its  estimated  energy  performance  under  build¬ 
ing  energy  rating  systems."'  For  example,  build¬ 
ings  projected  or  measured"’ as  requiring  more 
energy  than  average  might  be  taxed  at  a  rate  that 
increases  with  decreasing  performance.  These 
taxes  would  provide  rebates,  again  on  a  sliding 
scale,  for  buildings  expected  to  use  less  energy 
than  average.  This  would  avoid  the  equity  issues 
inherent  in  a  broad-based  energy  tax;  it  would  also 
help  address  the  problem  of  the  sensitivity  of  buy¬ 
ers  to  upfront  capital  costs. 

Although  feebates  have  been  proposea  fre¬ 
quently  in  various  sectors,  they  have  not  been  used 
in  the  buildings  sector.  Pilot  programs  would  be 
needed  to  demonstrate  that  building  energy  use 
can  be  estimated  reliably  in  practice  and  to  address 
a  host  of  technical,  commercial,  and  institutional 


Cnnjcrun.  “A  Nisird  log  ilMotliMof  KrurrLor.'onsorNatinn  Act  is  it}  bv  Owners  of  RxisiincS  ingle  Family  Dwell  ings.*' 
F.irmomxwtfui  I  17,  1985,  I  I,  JA-Dubin  and  S.F  Henson.  Distributional  Effects  of  the  Federal  FnergsTax  Act.” 

Rr\(furri'\(iiu!f-.rU'fKy.^^>^  /(!.l98H.pp.  I91  O.lZ.and  M.J.  Wakh. ..  Energy  Tax  Credits  and Holj^ing Improvement.” Furrow  Fronom/<  v.  1989. 
pp.  275-2X4. 

"''Hasseif  and  Mcicdl  hop.  cit..  foomoteO?:  Kc\  m  A.  Hassell  and  Gilbert  F.  Metcalf,  “Fnerg)  Tax  Credits  and  Residential  Conserv  ation 
Irv.  estmcnir'  January  199.V 

‘U  It  u  ou!d  be  ncees.sat  >  to  ensure  the  aeeisrae>  of  building  energy  rating  ss  stems  through  ongoing  monitoring  of  a  randtim  sampling  ot 
buildings. 

Measurements  might  be  made  of  buildingairtightriess  ami  other  factor\  to  determine  overall  building  performance. 
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issues.  Although  intriguing  in  concept,  feebates 
require  much  more  study  and  demonstration. 

I  Ownership 

Roughly  one-third  of  housing  and  one-quarter  of 
commercial  building  floor  space  is  leased  or 
rented  rather  than  owned,’^  Landlords  have  little 
incentive  to  invest  in  RETs  for  buildings  when  the 
tenant  pays  for  the  energy  consumed.  Tenants 
have  little  incentive  to  invest  in  RETs  since  they 
have  little  expectation  of  remaining  long  enough 
to  recoup  their  investment. 

When  trading  off  first-cost  and  energy  savings, 
homeowners  will  often  not  invest  in  RETs  unless 
they  offer  very  short  payback  periods.  Reasons  for 
this  sensitivity  include  the  following: 

■  Inability  to  recoup  their  investment  Home- 
owners  typically  move  every  6  to  10  years,  If 
the  resale  market  does  not  value  RET  invest¬ 
ments,  the  owner  must  recoup  the  investment 
within  this  short  ownership  period,  which  en¬ 
courages  a  desire  for  a  quick  payback. 

•  Perceived  high  risk  and  low  resale  value.  In¬ 
vestment  in  RETs  is  perceived  as  presenting 
some  risk  for  which  the  owner  must  be  com¬ 
pensated  by  a  higher  return  (or  equivalently  a 
shorter  payback  period).  In  particular,  a  resi¬ 
dence  is  generally  the  largest  purchase  a  con¬ 
sumer  ever  makes,  and  anything  that  might 
conceivably  make  the  dwelling  less  marketable 
or  otherwise  increase  consumer  risk  may  then 
require  a  compensating  “risk  premium”  pay¬ 
ment. 

■  Large  sunk  investment  risk,  and  uncertainty. 
Investments  in  energy  savings  are  sunk  invest¬ 
ments,  and  homeowners  must  be  appropriately 
compensated  for  tying  up  so  much  of  their  capi¬ 
tal  in  a  “risky”  illiquid  investment.  Given  the 
wide  fluctuations  in  energy  costs,  the  option  of 


waiting  to  invest  may  be  viewed  as  reducing 
their  risk.  Technologies  are  also  changing  rap¬ 
idly;  early  investment  poses  the  risk  of  early 
technological  obsolescence,  so  there  may  be 
advantages  in  waiting  to  invest. 

On  the  other  hand,  building  owners  also  face 
risks  by  being  so  utterly  dependent  on  outside 
sources  of  conventional  energy.  As  witnessed 
over  the  past  two  decades,  energy  prices  can 
skyrocket,  subjecting  the  owner  to  unexpected 
costs  over  extended  periods.  This  may  be  a  par¬ 
ticular  problem  for  low-income  people  or 
fixed-income  retirees.  Further,  should  there  be 
a  disruption  in  energy  supplies,  buildings  can 
quickly  become  uninhabitable.  Such  risks  are 
not  commonly  considered  in  building  design, 
construction,  or  ownership. 

Strategies  to  address  these  problems  include 
building  energy  rating  systems;  RET  mortgages; 
financial  supports,  possibly  including  tax  credits; 
utility  encouragement  of  and  investment  in  RETs; 
codes  and  standards;  and  feebates.  These  have 
been  discussed  above. 

(Energy  Costs 

Energy  costs,  paihcularly  for  a  business,  often 
constitute  only  a  small  percentage  of  total  operat¬ 
ing  costs  and  are  much  less  than,  for  example,  em¬ 
ployee  wages.  Few  businesses  are  willing  to  risk 
any  disruption  in  energy-generated  services — 
such  as  heating,  cooUng,  or  lighting — that  might 
lower  worker  productivity.  Although  this  concern 
is  real,  it  may  often  be  unfounded.  Productivity 
studies  have  found  that  well-designed  passive  so¬ 
lar  and  efficient  buildings  can  actually  enhance 
productivity. 

The  price  of  energy  in  the  market  today  may  not 
reflect  the  “true”  societal  cost  of  energy  given  the 
distribution  of  goods  and  services  across  the  cur- 


of  Technology  Assessment,  op.  cit.,  footnote  .V 
and  Metcalf,  op.  cit.,  footnote  67. 

95  Waller  ^*””5  Advanced  Office  Technology  To  Increase  Productivity  (Troy,  NY;  Center  for  Architectural  Research,  Renssela¬ 

er  PoWtechnique  Institute,  Troy,  NY,  1992);  and  Joseph  Romm  and  William  Browning,  “Greening  the  Building  and  the  Bottom  Line;  Increased 
Productivity  Through  Energy  Efficient  Design,”  Asilomar  Summer  Study,  American  Council  for  an  Energy  Efficient  Economy,  1994. 
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The  Sofar  Energy  Research  facility  at  !he  National  Rer)ev/at>le  Energy  Laboratory  in  Qoiden,  Colorado,  uses  a  vanet^/  ci  passive 
and  Other  technolocjies  to  reduce  overall  energy  use  by  an  estimated  30  to  liO  percent  compared  with  cOf'<venttO!';a!  bmidsfygs 


rent  population  or  across  generations,  the  risk  of 
energy  disruptions,  uncertain  y  over  future  energ  y 
costs,  potential  national  security  impacts,  and  en¬ 
vironmental  impacts.’'^  These  issues  are  dis¬ 
cussed  in  more  detail  in  chapter  6  in  the  context  of 
the  electricity  sector. 

Individually,  designers,  builders,  and  consum¬ 
ers  are  each  responding  logically  within  the 
constraints  that  they  face;  collectively,  the  net  re¬ 
sult  is  the  construction  of’  many  buildings  that 
have  much  higher  energy  use  than  is  necessary  or 
cost-effective.  This  poses  a  variety  of  financial, 
risk,  and  environmental  costs  that  are  not  now  ad¬ 
equately  incorporated  in  marketplace  decision¬ 
making. 

Strategies  to  address  these  problems  include,  in 
addition  to  those  is  ted  above,  energy  and  environ¬ 
mental  externality  taxes. 

Energy  and  Environmental  Taxes 

The  cost  of  energy  could  be  raised  to  more  accu¬ 
rately  reflect  the  full  costs  of  using  it,  including 


environmental  and  other  external  costs.  For  this  to 
have  any  significant  impact,  however,  it  would 
best  be  combined  with  building  energy  rating  sys¬ 
tems  and  RET  mortgages  or  other  mechanisms. 
The  overall  impact  for  reasonable  tax  levels,  how¬ 
ever.  is  likely  to  be  modest  and  will  take  a  long 
time  to  occur  because  of  the  numerous  mai'ket 
challenges  noted  above.  In  addition,  a  broad- 
based  energy  tax  would  fall  more  heavily  on  those 
who  own  or  rent  older  and  less  well-built  housing. 
Retrofitting  housing  can  help  reduce  these  costs 
and  is  an  important  policy  in  its  own  right,  Retro¬ 
fits,  however,  are  not  nearly  as  effective  as  incor¬ 
porating  RETs  in  new  construction. 

I  Federal  Procurement 

The  federal  government  has  considerable  pur¬ 
chasing  power  because  of  its  size,  and  this  power 
can  be  used  to  increase  the  sales  and  distribution 
of  RETs  for  buildings.  In  1989.  for  example,  the 
federal  government  spent  $3,5  billion  for  energy 
used  in  its  own  buildings  and  another  $4  billion 


Price  of  tMicfg y  im\  vcn  rctleci  the  cost  to dcli%  er  it  u  i  thin  the  ex  ist accounting  ^r^uncv^  ork  rnerg >  prico'i  residences 

are  a\eragcsand(!onot  rcflectthe  true  cost  of,  for  example,  util  it>- generated  power,  particularly  peak  power.  Time-  ot-u'^c  metering  might  better 
reflect  svstcmwule  costs  of  providing  power  and  offer  additional  incentives  tor  consumer  investment  in  RPK. 
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subsidizing  energy  use  of  low-income  house¬ 
holds. "This  includes  the  roughly  500,000  office 
buildings  owned  or  leased  by  the  federal  gover¬ 
nment,  1.4  million  low-income  housing  units 
owned  by  the  government,  9  million  households 
for  which  the  government  subsidizes  energy  bills, 
and  422,000  military  housing  units.  Incorporating 
RETs  in  existing  or  new  federally  owned  or  ener¬ 
gy-subsidized  buildings  may  offer  an  important 
opportunity  to  save  taxpayer  dollars  where  RETs 
can  be  cost-effective  alternatives  to  conventional 
systems,  while  simultaneously  providing  mean¬ 
ingful  acknowledgment  of  the  value  of  these 
technologies. 

I  Lessons  Learned 

Several  other  overall  lessons  can  be  noted  from 
the  history  of  past  programs  and  policies.  First, 
premature  termination  of  many  of  the  federal  pro¬ 
grams  in  building  RETs  in  the  early  1980s  resulted 
in  the  loss  of  valuable  data,  the  disbanding  of 
highly  productive  research  teams,  and  an  abrupt 
halt  to  the  momentum  that  had  been  developed. 
Second,  although  well  intentioned,  several  of  the 
commercialization  programs  did  not  usefully  ad¬ 
dress  the  key  market  challenges  discussed  above; 
appropriate  mechanisms  to  address  these  chal¬ 
lenges  remain  elusive,  and  further  experimenta¬ 
tion  is  needed.  Third,  many  of  the  technologies 
were  initially  oversold,  promising  cost  and  perfor¬ 
mance  that  could  not  be  delivered. 

An  important  difference  now,  compared  with 
two  decades  ago  when  these  efforts  began,  is  that 
there  is  a  foundation  on  which  to  build.  Two  de¬ 
cades  ago,  R&D  was  just  getting  under  way,  while 
commercialization  of  unknown  technologies  was 
being  pushed  at  the  same  time.  This  led  to  many 
failures  as  well  as  many  successes.  Today,  R&D 
and  detailed  field  monitoring  have  shown  what 
works  and  what  does  not.  Commercialization  ef¬ 
forts,  therefore,  have  a  base  of  proven  technolo¬ 


gies  on  which  markets  can  be  built,  while  RD&D 
can  continue  to  provide  new  opportunities. 

POLICY  OPTIONS 

There  is  already  considerable  experience  with  a 
variety  of  effective  policies  as  well  as  some  that 
are  ineffective  in  developing  and  commercializ¬ 
ing  RETs  for  buildings.  Some  of  this  experience  is 
discussed  above,  and  a  number  of  policy  initia¬ 
tives  continue  today  (see  box  3-1). 

Current  policies  have  been  described  through¬ 
out  this  chapter  and  in  box  3-1,  As  for  funding 
support,  the  total  DOE  fiscal  year  1995  budget  for 
solar  buildings  is  $4.69  million  up  from  $2  mil¬ 
lion  in  fiscal  year  1992.  This  can  be  compared, 
however,  to  a  high  of  $260  million  (1  992  dollars) 
in  1978.  Support  will  be  used  to  develop  solar  wa¬ 
ter  heater  rating  and  certification  procedures,  im¬ 
prove  their  reliability,  and  demonstrate  their  use  in 
utility  DSM  programs,  and  to  examine  a  few  ad¬ 
vanced  technologies,  including  the  integration  of 
photovoltaics  into  buildings — ^with  funding  of 
$500,000^"  in  fiscal  year  1995. 

Almost  no  support  is  provided  for  high-lever¬ 
age  activities  such  as  the  development  of  design 
tools  for  passive  solar  buildings,  and  no  support  is 
provided  for  design  competitions,  which  proved 
so  successful  in  the  late  1970s  and  early  1980s. 
Similarly,  there  is  little  or  no  support  for  RD&D  in 
passive  design,  daylighting,  field  monitoring,  or 
other  potentially  high-leverage  activities  dis¬ 
cussed  earlier.  As  a  consequence,  market  penetra¬ 
tion  by  RETs  into  the  buildings  sector  is  likely  to 
continue  to  be  slow,  and  numerous  cost-effective 
opportunities  for  using  RETs  in  buildings  are  like¬ 
ly  to  be  lost. 

Taking  advantage  of  low-cost,  high-leverage 
opportunities  to  greatly  expand  the  development 
and  use  of  RETs  in  buildings  could  help  capture  a 
significant  portion  of  cost-effective  applications 
and  proportionally  reduce  the  use  of  fossil  fuels  in 


Congress,  Office  of  Technology  Assessment,  Energy  Efficiency  in  the  Federal  Government:  Government  by  Good  Example?  OTA- 
E-492  (Washington,  DC:  U.S.  Government  Printing  Office,  May  1991). 

^^Thi.s  is  part  of  the  total  request  of  $4,69  million. 
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buildings  along  with  their  attendant  environmen¬ 
tal  impacts.  Balanced  against  these  potential 
benefits  are,  of  course,  some  costs  and  risks,  in¬ 
cluding  increased  direct  federal  expenditures 
(higher  than  present  spending)  and  the  risk  of  in¬ 
curring  unanticipated  costs  in  attempting  to  fur¬ 
ther  the  use  of  RETs,'' Federal  expenditures 
would  increase  under  this  strategy  but  could  be 
kept  modest  by  targeting  the  highest  leverage  op¬ 
portunities. 

Policy  options  that  might  be  considered  as  part 
of  such  a  strategy  are  listed  below.  Most  of  these 
RD&D  and  ication/information  programs 
could  be  supported  through  DOE,  with  commer¬ 
cialization  programs  also  supported  through  the 
Department  of  Housing  and  Urban  Development 
and  other  agencies. 

RD&D  programs  might  include: 

I  Collaborative  research^  development,  demon¬ 
stration,  and  field  monitoring.  High-1  everage 
R&D  targets  for  RETs  in  buildings  could  be 
supported  at  significantly  higher  levels  in 
cooperation  with  manufacturers  and  builders 
(see  table  3-  1).  Collaborative  field  demonstra¬ 
tions  of  promising  near-commercial  technolo¬ 
gies  with  extensive  performance  monitoring 
could  also  be  supported.  Many  of  the  best  field 
performance  data  remain  those  collected  under 
the  DOE  Passive  Solar  Com  lercial  Buildings 
and  the  Class  B  Residential  Passive  Solar  Per¬ 
formance  Monitoring  Programs  over  a  decade 
ago,  as  described  earlier.  Building  on  this  pre¬ 
vious  experience  could  have  considerable 
value. 


m  Golden  carrots.  Increased  support  for  the  de¬ 
velopment  of  manufactured  RETs  for  the  build¬ 
ings  sector  should  also  be  considered.  Current 
funding  is  limited  to  a  small  solar  hot  water 
heater  program  and  a  few  others.rSuch 
RD&D  can  be  conducted  collaboratively  be¬ 
tween  the  national  labs  and  manufacturers.  It 
might  also  be  done  by  using  private  sector  in¬ 
centives  such  as  the  “golden  carrot”  award  won 
by  Whirlpool  for  the  development  of  the  high- 
efficiency  refrigerator. 

.Commercial  demonstrations  for  builders  end 
users.  Demonstrations  of  proven  RETs  in 
buildings  could  be  built,  with  federal  support 
for  the  difference  in  cost,  if  any,  compared  with 
conventional  buildings.  In  contrast  to  the  above 
R&D  demonstrations,  these  buildings  would 
not  be  testing  new  technologies.  Instead,  they 
would  provide  local  builders  and  users  exam¬ 
ples  of  what  is  possible  within  particular  mar¬ 
ket  segments.  Since  many  of  the  passive  solai^ 
buildings  constructed  to  date  have  been  for  an 
upscale  clientele,  these  designs  might  best  tar¬ 
get  low-  and  medium-income  housing.  Recent 
examples  include  the  award  winning  “Esperan- 
za  del  Sol”  development]  02  in  Dallas,  Texas, 
featuring  three-bedroom  homes  for  $80,000 
and  Neuffer  Construction’s  Homes  in  Neva- 

1  KB 

da. 

Design  and  information  programs  might  in¬ 
clude: 

I  Design  tools.  Passive  solai*  and  other  RET  de¬ 
sign  tools  are  slowly  being  developed  today.  In- 


'»'^Scc,e  ga.inrtaBcn-y.'n'./4t;m/mA7.aHv^Cav«o/£ner«yConj^rva,mnPr««rflms,ORNU.'CON.29^(Oak  Ridge,  TN:  Oak  Ridge  Na- 
tioual  Laboratory,  November  1989), 

5 i  sine  hides  ungla7.cd  transpired  collectors  and  a  small  effort  to  integrate  photovoUaics  into  buildings. 

S  Congress  Office  Asiicssment.  Energy  Efficiency:  Chcitlengex  and  Opportunities  for  hlevirir  UnIi(te.s'.OTA-E-56  I 

(Washington,  DC:  U.S.  Government  Printing  Office,  September  19^^.^). 

}02-nus  development  received  Edison  F.lec trie  Instituted  first  E-Seal  award  for  environmentally  superior  design.  Witli  estimated  overall 

annual  energy  s'avings  of  50  percent  at  an  additional  construction  cost  of  0.2  percent,  this  design  has  a  payback  time  ot  less  than  one  year.  See 
Burke  Millex  Thayer. '‘Esperaiua  del  Sol:  Sustainable,  Affordable  Housing,”  Sotar  Today,  May/June  1994,  pp.  21-23. 

••^^Donahi  Aitkin  and  Paul  Bony,  -Passive  Solar  Production  Housing  and  the  Utilities,”  Solar  Today,  March/April  1993,  pp.  23-26. 
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creased  support  would  enable  their  more  rapid 
development,  and  their  integration  into  com- 
mercial  CAD  tools  could  provide  a  high-lever¬ 
age  means  of  encouraging  the  use  of  passive 
solar  and  daylighting  strategies  in  commercial 
buildings.  Similar  development  of  design  tools 
for  the  residential  sector  could  be  supported, 
building  on  work  already  done  by  the  National 
Renewable  Energy  Laboratory,  the  Passive  So¬ 
lar  Industries  Council,  Lawrence  Berkeley 
Laboratory,  and  others. 

"  Design  compelitions.  Providing  numerous  but 
small  prizes  (sufficient  to  cover  the  additional 
cost  of  solar  design)  for  the  best  solar  designs 
has  proven  effective  in  the  past,  and  could  be  re¬ 
started.  This  option  complements  the  develop¬ 
ment  of  design  tools  and  also  provides  a 
high-leverage  means  of  encouraging  the  use  of 
passive  solar  and  daylighting  designs  in  build¬ 
ings. 

•  Design  assistance.  Design  assistance  could  be 
provided  to  those  who  are  interested  in  pursu¬ 
ing  solar  designs  but  lack  sufficient  technical 
means  of  doing  so.  This  may  be  particularly  im¬ 
portant,  for  example,  for  small  residential 
builders.  A  set  of  region-specific,  high-perfor¬ 
mance  solar  designs  for  residences  might  also 
be  developed,  demonstrated  (see  above),  and 
distributed  as  models.  This  strategy  comple¬ 
ments  the  development  of  design  tools  and  the 
use  of  design  competitions. 

Education.  Support  might  be  provided  for  the 
development  of  additional  course  materials  on 
RETs  for  buildings  at  architecture  schools  and 
for  the  development  of  focused  RET  design 
programs  such  as  those  described  above  at 
Trinity  University  or  Arizona  State  University. 

■  Information  programs.  Broad-based  informa¬ 
tion  programs  might  be  developed  to  provide 
potential  builders  and  users  relevant  informa¬ 
tion  for  encouraging  use  of  RETs  in  buildings 
and  for  informing  their  decisionmaking. 
Rating  and  standards  programs  might  include: 


■  Solar  rating  and  certification  programs.  Cur¬ 
rent  solai^  rating  and  certification  programs, 
such  as  those  described  earlier,  might  be  ex¬ 
panded  and  strengthened  to  include  more 
RETs. 

■  Voluntary  standards.  Support  might  be  pro¬ 
vided  for  the  American  Society  of  Heating,  Re¬ 
frigeration,  and  Air  Conditioning  Engineers  or 
other  professional  organizations  that  help  es¬ 
tablish  industry  standards  to  develop  guide¬ 
lines  and  standards  for  best  practice  in  solar 
design.  This  wouid  give  RETs  in  buildings 
higher  visibility  and  credibility  at  relatively 
low  cost. 

^  Building  codes  and  standards.  Building  energy 
codes  can  help  ensure  that  minimum  energy 
performance  standards  are  met;  such  codes 
have  been  used  extensively  in  the  United 
States. "'’Building  codes  might  be  further  de¬ 
veloped  in  support  of  RETs,  recognizing  the 
potential  difficulties  as  discussed  above. 

Finance  and  commercialization  programs 

might  include: 

«  RET  mortgages.  Energy-efficient  mortgages 
are  now  under  study  in  pilot  programs  (box 
3-8).  If  the  results  of  these  efforts  are  positive, 
such  programs  might  be  expanded  in  their  tech¬ 
nical  scope  to  more  fully  consider  renewable 
and  in  their  geographic  scope  to  include  a  pro¬ 
gressively  lai'ger  portion  of  the  United  States. 

•  Federal  procurement.  All  federal  construction, 
purchase,  or  rental  of  residential,  commercial, 
or  other  buildings  could  be  based  on  life-cycle 
cost  analyses  (including  external  i  ties)  that  con¬ 
sider  efficiency  and  RET  options,  with  man¬ 
dated  acquisition  of  the  highest  level  of 
efficiency  and  RET  technology  projected  to  be 
cost-effective. 

■  Utility  investment,  Utility  investment  in  RETs 
for  buildings  could  be  encouraged  through  sup¬ 
porting  case  studies  to  determine  where,  when, 
and  to  what  extent  RETs  can  provide  DSM 


i04oifice  of  Technology  Assessment,  op.  cit.,  footnoted. 
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benefits,  including  offsetting  lighting,  heating, 
and  air  conditioning  loads.  The  current  effort 
and  the  primary  focus  of  the  DOE  Solar  Build- 
i„gS  program  is  on  utility  DSM  opportunities 

using  solar  water  heaters,  as  described  above. 

Other  types  of  policies  designed  to  increase 
market  competitiveness  of  RETs  could  include  the 
following: 

■Tax  credits.  Although  tax  credits  were  used  dur¬ 
ing  1978-85  with  mixed  results,  as  described 

earlier,  they  might  be  combined  with  building 
energy  rating  systems,  solar  rating  and  certifi¬ 
cation  programs,  or  other  mechanisms  to  better 
target  them  toward  technologies  that  are  cost- 
effective  over  a  wide  range  of  circumstances. 
The  design  of  these  programs  should  also  con¬ 
sider  the  lessons  now  being  drawn  from  mod¬ 
ern  finance  theory  concerning  the  effectiveness 
and  structure  of  tax  credits. 

I  Fecbates.  Pilot  projects  might  be  considered  to 
evaluate  the  potential  of  feebates  as  a  means  of 
reducing  the  upfront  capital  costs  of  invest¬ 
ments  in  RETs  in  buildings. 

CROSSCUTTING  ISSUES 

Visions  of  the  distributed  utility  (chapter  5)  often 
project  large  numbers  of  photovoltaic  (PV)  cells 
or  fuel  cells  in  residential  and  commercial  build¬ 
ings.  Integration  of  PVS  into  building  structures 
may  significantly  lower  PV  balance-of-system 
costs;  the  use  of  distributed  fuel  cells  might  pro¬ 
vide  thermal  benefits  for  space  heating  or  hot  wa¬ 
ter  but  would  continue  to  use  natural  gas  as  a  fuel 
for  the  near  to  mid-term  with  a  transition  to  renew¬ 
able  fuels  in  the  long  term.  '"'^In  both  cases,  these 
early  markets  might  help  ramp  up  production  and 


BuHding-integraied  (^V  system .  The  PV nrateria}  in  the  <ky;ight 
series  a  multiple  purpose'  the  skylight  otfsets  trftnfior  artificial 
lighting  as  we//  as  cooling  to  remove  heat  generated  by 
orvficiaf  lights:  the  PV'tmteriaf  ooaurK)  the  skyffght  generates 
eiectnaty. 

allow  further  economics  of  scale  and  learning  to 
be  realized.  Such  economies  might  also  cvcntual- 
1  y  help  fuel  cells  to  penetrate  transport  markets.  *” 

CONCLUSION 

Renewable  energy  technologies  arc  available  for 
residential  and  commercial  buildings  but  are  not 
yet  widely  utilized.  As  shown  in  this  chapter, 


Meicaif,  op.  cit.,  footnotes  67  and  90. 

transition  to  renewable -generated  hydrogen  might  be  possible  in  the  long  term,  lisc  of  nauiral  gas  in  the  near  to  mid  term  could  then  be 
part  of  a  transition  strategy  to  develop  the  distributed  utility,  capture  cogeneration  benefits,  and  reduce  the  price  ol  tucl  colls  tor  other  applica¬ 
tions.  .Sec  Joan  .VI.  Ogdon  and  Joachim  Nirsch,  ’  Solar  Hydrogen," Pneri^y:  fnr  Fuch  atu! EUi  U'tvftv,  Tliomas  H.  Johansson 

et  al.  (cds.)  (Washington,  DC:  Island  Press,  1993). 

i^'^Note  that  the  potential  benefits  depend  on  the  type  of  fuel  cell  used.  Chapter  4  describes  a  \  anct>  of  pruential  padistof  irmspon  tcchnolo- 
g  ies.  some  of  lAhiehUsC  particular  fuel  cells  such  as  the  proton  exchange  membrane  ce  1 1,  The  choice  of  technology  vvithm  the  hnildiugs  sector 
should.tlierefore,  consider  in  part  the  potential  synergisms  with  transport  technologiesV 
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greater  utilization  of  these  technologies  could 
save  money  over  the  building’s  life  cycle  and  re¬ 
duce  energy  use.  The  indirect  benefits  of  these 
technologies — ^particularly  reduced  environmen¬ 
tal  damage  from  fossil  fuel  use  and  reduced  sensi¬ 
tivity  to  power  and  fuel  cost  increases  or  supply 
disruptions-could  be  considerable.  There  may 
also  be  a  significant  export  market  for  these 
technologies,  including  spectrally  selective  and/ 


or  electrochromic  window  coatings,  lighting  con¬ 
trols,  building-integrated  photovoltaics,  and 
design  tools.  Past  experience  provides  a  number 
of  lessons  that  may  be  used  to  refine  policies  in¬ 
tended  to  move  these  technologies  into  the  build¬ 
ings  sector.  A  number  of  policies  may  offer 
significant  leverage  to  move  these  technologies 
more  rapidly  into  the  marketplace  with  relatively 
little  investment. 


1 


Transport 
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Renewable  fuels  and  advanced  vehicle  technologies  have 
the  potential  to  provide  a  large  portion  of  our  highway 
transportation  energy  needs.  These  fuels  and  technologies 
could  substantially  reduce  oil  imports,  urban  air  pollu¬ 
tion,  and  the  emission  of  greenhouse  gases,  while  providing  jobs 
and  income  to  rural  areas.  To  realize  this  potential,  however,  will 
require  a  long  and  dedicated  research  and  development  (R&D)  ef¬ 
fort  in  order  to  achieve  cost-effective,  high-performance  systems. 

WHAT  HAS  CHANGED 
IN  TRANSPORT  FUELS? 

In  the  1970s,  the  only  renewable  fuel  considered  seriously  for 
transport  in  the  United  States  was  ethanol  derived  from  corn.  ' 
Com-to-ethanol  production,  however,  is  expensive.  In  addition, 
when  all  the  energy  inputs  to  grow  com  and  convert  it  to  ethanol 
are  considered,  there  is — at  best — a  modest  energy  gain,  with  rel¬ 
ative]  y  1  ittle  room  for  improvement  compared  with  new  technolo¬ 
gies  based  on  lignocellulose. 

Advances  in  biotechnology  are  enabling  researchers  to  convert 
cellulose  to  sugars  that  can  be  fermented  to  ethanol.  These  ad¬ 
vances  allow  use  of  much  cheaper  feedstocks  (e.g.,  wood,  grass, 
and  com  stalks,  rather  than  com  grain)  with  relatively  high  yields. 
This  has  lowered  the  cost  of  biomass-derived  ethanol 'from 


» In  Brar.il  cihanol  from  sugar  cane  was  vigorously  pursued. 

2as  u<;cd  here,  hiomas.s-crhanof  refers  to  ethanol  produced  from  lignocellulose  bio-  1103 

mass  feedstocks. 


104 1  Renewing  Our  Energy  Future 


$4.  15/gal  in  1980  to  $1  .65/gal  in  1993.’ Advances 
in  gasification  and  catalysis  are  also  lowering  the 
cost  of  producing  nnethanol  and  hydrogen  from 
biomass.  As  described  in  chapter  2,  the  production 
of  the  biomass  itself  has  improved  greatly. 

Similarly,  advances  in  energy  conversion  de¬ 
vices,  particularly  fuel  cells,  offer  the  prospect  of 
high-efficiency  propulsion  systems  that  can  use  a 
variety  of  renewable  fuels.  For  example,  the 
amount  of  platinum  catalyst  necessary  in  the  pro¬ 
ton-exchange  membrane  (PEM)  fuel  cell  has  been 
greatly  reduced.  Ultimately,  with  other  advances, 
this  may  make  it  possible  to  reduce  the  cost  of 
such  fuel  cells  with  large-scale  mass  production  to 
a  level  competitive  on  a  vehicle  life-cycle  basis 
with  internal  combustion  engines  (ICES). 

In  addition,  reductions  in  the  cost  and  improve¬ 
ments  in  the  performance  of  power  electronics  and 
electric  motors  are  allowing  the  development  of 
all-electric  drivetrains  as  a  substitute  for  today’s 
mechanical  gearbox  and  drivetrain.  This  may  al¬ 
low  substantial  increases  in  efficiency-both 
directly  and  indirectly  through  the  use  of  regen¬ 
erative  braking  (recovering  the  braking  energy). 
Numerous  other  advances  have  occurred  across 


many  aspects  of  transport  fuels  and  motive  power 
technologies. 

I  Potential  Roles 

The  U.S.  transportation  system  plays  a  central  role 
in  the  economy.  “Highway  transportation,  how¬ 
ever,  is  dependent  on  internal  combustion  engine 
vehicles  fueled  almost  exclusively  by  petroleum. 
This  has  given  rise  to  a  number  of  energy  supply 
and  environmental  concerns.  Despite  substantial 
improvements  in  U.S.  transportation  energy  effi¬ 
ciency  in  recent  decades,’ the  United  States  still 
consumes  more  than  one-third  of  the  world’s 
transport  energy. "Transportation  accounts  for 
about  one-quarter  of  total  U.S.  primary  energy  use 
and  nearly  two-thirds  of  oil  use.  About  one-half  of 
this  oil  is  imported,  costing  the  United  States 
about  $45  billion  per  year.  Domestic  oil  produc¬ 
tion  has  declined  since  1970  and  is  expected  to 
continue  declining  while  demand  is  expected  to 
increase.  With  current  policies,  U.S.  imports  of  oil 
are  likely  to  increase  dramatically  over  the  next 
several  decades  (see  chapter  1). 

The  U.S.  dependence  on  oil  not  only  makes  the 
economy  vulnerable  to  the  supply  and  price  vola- 


-  i992  Sf'gat.S.R.Venkateswaran, Energetics.  Inc.,  and  John  Brogan,  U.S.  Department  of  Energy,  pcrsonalcommunicatton.May  12,1994. 
This  includes  approximately  3Sft/gal  for  transport  and  delivery  to  the  end  user.  Production  costs  above  are  approximately  $3.80/gal  and 
$  1.30/gal,  respectively.  This  does  not  include  road  transport  fuel  taxes. 

^Tlie  availability  of  reliable  and  efficient  transportation  systems  has  historically  been  an  important  determinant  of  economic  growth.  During 
the  past  20  years,  the  demand  for  transportation  goods  and  services  in  the  United  States  has  generally  matched  overall  economic  expansion  and 
currently  accounts  for  about  one-sixth  of  the  gross  domestic  product.  See  S.C. Davis  and  S.G. String,  TronsfwruitionEneri^yOataBook:  Edi- 
[ion  12,  ORNL-6743  (Oak  Ridge,  TN:  Oak  Ridge  National  Laboratory,  1992),  table  2-19. 

^Aggregate  travel  energy  intensity  (energy  use  per  passenger-mile)  in  the  United  States  has  declined  about  1 5  percent  since  !973.'Uii.s  drop 
was  principally  due  to  the  mtroduction  of  automobile  fuel  economy  standards  and  higher  oil  prices.  See  L.  S chipper,  “Energy  Efficiency  and 
Human  Activity:  Lessons  from  the  Past,  Importance  for  the  Future,”  paper  presented  at  the  Annual  World  Bank  Conference  on  Development 
Economics,  Washington,  DC,  May  3-4,  1993. 

Office  of  Technology  Assessment,  Changing  by  Degrees:  Steps  To  Reduce  Greenhouse  Gases,  OTA-0-482  Washington, 
DC:  U.S.  Government  Printing  Office,  February  1991),  p.  150. 
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tility  ol'ihc  world  oil  market,  but  alsocxacerbate.s 
local  and  global  environmental  problems.  Motor 
vehicles  currently  account  for  30  to  6.S  percent  of 
ail  urban  air  pollution  in  the  United  States  and  up 
to  30  percent  of  carbon  dioxide  (CO2)  emissions.^ 
Urban  air  pollution  problems  have  motivated  the 
development  of  a  substantial  body  of  federal  and 
state  regulations.  .'Mthough  urban  air  emissions 
from  highway  vehicles  arc  expected  to  drop  sig¬ 
nificantly*'  in  this  decade  through  improvements 
in  engines,  fuel  systems,  exhaust  controls,  and 
fuel  characteristics,  after  the  year  2000,  carbon 
monoxide  (CO)  erni.ssions  are  projected  to  begin 
growing  due  to  increa.ses  in  the  number  of  vehicles 
on  the  road  and  total  vehicle-miles  traveled.^ 

In  addressing  the  environmental  and  energy 
supply  problems  posed  by  our  current  transporta¬ 
tion  system,  a  number  of  approaches  tire  po.s.sible. 
Creating  incentives  for  reducing  vehicle-miles 
traveled  and  promoting  greater  reliance  on  mass 
transit  have  been  central  components  of  recent 
federal  legislation.'^’  For  the  foreseeable  future, 
however,  the  strong  preference  of  American  citi¬ 
zens  for  personal  transport  is  unlikely  to  change. 
Thus,  strategics  that  revolve  around  fuels  pro¬ 
duced  from  domestic  resources,  who.se  produc¬ 
tion  and  use  involve  minimal  emissions  of 


greenhouse  gases  (mainly  CO^)  and  criteria  air 
pollutants  (CO,  sulfur  oxides,  nitrogen  oxides, 
hydrocarbons,  and  particulates),  are  likely  to  be¬ 
come  incrca.singly  important.  Renewable  energy 
re.sourecs  tind  technologies  couki  help  meet  these 
objective.s  over  the  long  ternt  and  could  make  un- 
ncccs.sary  much  of  the  regulatory  overhead  now  in 
place  for  conventional  fossil  fuels  and  engine  .sys¬ 
tems  emissions.  Indeed,  efficiency  improvements 
may  not  bo  sufficient  to  achieve  long-run.  deep 
cuts  in  CO2  emissions  unless  there  is  a  switch  to 
renewable  transport  iuels. 

Ethanol  and  methanol  derived  from  bioma.ss; 
die.sci  oil  .substitutes  derived  from  oil-producing 
plants;  electricity  generated  from  rencw’ablcs 
(chapter  5);  and  possibly,  in  the  much  longer  term, 
hydrogen  produced  directly  from  biomass  or  elec¬ 
trolyzed  from  water  by  renewable-generated  elec¬ 
tricity  are  the  principal  renewable  energy-based 
fuels  that  might  .substitute  for  today’s  petroleum- 
ba.sed  liquids.  If  transportation  fuels  were  derived 
from  renewable  sources  such  <is  solttr.  wind,  or 
biomass  energy,  emissions  of  CO?  would  be  large¬ 
ly  eliminated  (see  table  4-1).  Renewable  fuels 
could  also  be  used  in  z.ero-  or  ncar-zero-emission 
vehicles. '  * 


45  fo  5n  urbim  jiroa.s  siill  viohuc  ihe  o/onc  quality  Ntandarti.  with  cmi.s.sion.s  tV(>m  hicliway  vehicles-  -prinfariiy  auiornohiU's  atid 
light  —ct.tntribining  4t)  to  5U  pereent  of  rbo  vt)l;nilc  organic  compounds  ( VOCs)  and  one  -third  of  the  nitrogen  tb\>dcs  that  arc  the  precur¬ 
sors  of  o/onc.  ^^•aIK)ra^^vc  cmi.ssif>ns  -a.s  opfxxscti  to  tailpipe  emissions— may  he  rcspon.sihle  for  more  rh;m  .srt  pc'rccot  ofiiutomohilc  hydro 
carbon  cfnission.s.  Moiorvchieles  urc  estimated  to  be  res|X)nsib)e  ibraboul  65  percent  of  carbon  mtmoxidc  {C.‘0»en)i.s.sions.  l.'.S.  Environmental 
Protccvion  Agency.  Satumoi  Air  Kmissiott  Tremis^  ] ‘->90-1092,  No.  IiPA-454R-9'i-05  tWashingt<>ii,  DC'  October  I99i).  Naisomd 

Rescarcti  Caiuncil .  Hvthinkir,}*  f/;e  ():om  Prahfcm  m  Urban  and He^ionai  Air  Poilulinn  (  Washington.  DC'  Natioiud  .Academy  Ptess.  \  992)-  and 
j  G .  Calvert  ct  al.  ".Achieving  Acceptable  Air  (Quality:  Some  ReOcctioiis  on  Comrolling  Vehicle  UmhiMons.''  Srn  tnr.  voi.  26 1 .  Jniy  2. 1 99.^,  pp. 
.'2-45. 

^By  the  vein  2000.  aimphance  with  the  Clean  .Air  Act  Amendments  of  1990  is  exfx^cted  to  reduce  CO  emissitms  by  27  jxnceni,  mit't>gcn 
oxides  by  19  pcrcom,  and  vulatilc  mganic  cbemicaU  by  30  percent.  See  U.S.  F:nvironincmid  Protection  Agency,  op.  cd.,  footnt»to  7. 

‘'See  l‘.S,  Congress.  Office  ori'cchnology  Asses.smeiit,  hiprovirtf^  Automohik  Fuel  Economy:  Nnv  Staruiards.  New  Approve }u\\.  OT.A- 
fi'504  (Washington.  DC.  U.S.  Govermnent  Priming;  Office.  October  199}). 

’‘The  Clean  .Air  Act  .Amendments of  1990 require  the  u.sc  of" transportation  demand  managemenf’---*e.spt?cially  during  peak  travei  rimes - 
as  a  tuol  in  reducing  urban  air  pollution.  The  Inrernuxlal  Surface Transpoitation  fifficiency  Act  of  199!  allows  states  to  shift  highway  funds  to 
transit.  proriK»tcs  new  high  sjx.*c\!  ground  tnui.spuruuion  systonisv  and  generally  esiahlishes  energy  efficiency  as  a  major  goal  ol  new  transporta¬ 
tion  investment. 

'•  .Some  alternative  fuels  such  as  methanol  and  hydrogen  can  be  derived  IVom  both  renewable  (biomass)  and  luanenewable  sources  (tiatural 
gasorcoiiO.  Although  liiel-cycle  emissions  ofCO^  cun  bo  dramaticaliy  lowered  by  using,  renewable  energy  sources,  velhcle  t'ailpipe  omissions 
of  criteria  ah  pollutants  will  be  essentially  the  same  for  both  renewable  and  nonrenewable  derived  fuels. 
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TABLE  4-1 :  Projected  C02-Equivalent  Emissions  ol 

Greenhouse  Gases,  Circa  2000^ 

Fuet-cycle 

Change  in 

C02*equi  valent 

CO^-equIvalent 

emissions 

emissions 

Feedstock/fuel  (grams/km)^* 

(percent) 

internal  combustion  engine  vehicles  (ICEVs) 


Baseline  Petroleum/reformulated  gasoline' 

290 

0 

Coal/methanol 

460 

-  58 

Coal/compressed 

440 

+52 

Corn/ethanol  (£85)“ 

210  to  320 

-27to--  11 

Com/dedicated  ethanol  (El  00) 

210  to  320 

-27  to  +11 

Natural  gas/dedicated  methanol  (Ml  00) 

270 

-6 

Natural  gas/compressed  H/ 

220 

-25 

Natural  gas/dedicated  CNG' 

220 

-26 

Biomass/compressed  H/ 

70 

-75 

Solar/compressed  H/ 

50 

-82 

Biomass/methanoi 

50 

-83 

Biomass/ethanol  (E85) 

35 

-88 

Biomass/dedicated  ethanol  (ElOO)' 

Oto  30 

-90  to  100 

*The  esi -mates  shown  here  are  meant  to  illustrate  the  p>otential  reductions  m  greenhouse  gas  emissions  that  are  possible 
with  a  shift  to  renewable  fuels;  there  is  considerable  uncertainty  in  some  of  the  vaiiies  listed 
^^This  is  the  sum  of  emissions  Of  CO2.  CH4,  NgO.  CO.  NOis,  and  NMOCs  from  the  entire  fuel  production  and  use  cycle 
(excluding  the  manufacture  of  vehicles  and  equiprrieni).  per  kriometef  of  travel,  relative  to  the  total  g,/km  errussions  lor  a 
year-2000  lighl'Cluly  vehicle  running  on  reformulated  gasoline.  Ai*  vehicles  spec-lied  have  the  same  (olai  energy  con¬ 
sumption  Emissions  of  gases  other  than  CO2  have  been  converted  to  an  ’‘equivaieni"  amount  of  CO^  by  multiplying 
mass  emissions  of  each  gas  by  the  following  “global  warmmgpoieni-als":  CH4. 2  f ;  N20. 270:  CO.  2.  NO^.  4;  NMOCs,  5 
The  resultant  CO^  equivalents  of  these  gases  have  been  added  to  actual  CO*/  emissions,  to  prc'duce  an  aggregate 
measure  of  greenhouse  gas  emissions.  The  results  shown  are  from  unpublished  runs  of  an  updated  version  of  the 
greentiouse  gau  emissions  model  documented  in  M.S.  OeLuctii.  Emissions  ofGteenhouse  Gases  from  the  Use  of 
Transportation  f'uels  and Efeclhcity.  Report  No.  ANUESD/TM-2  (Argonne.  IL;  Argonno  National  Laboratory.  Center  tor 
Transportation  Research.  November  1991) 

^Projected  greenhouse  gas  emissions  for  a  yeaf*20D0  iight*duty  vehicle  (25  mpg)  operating  on  reformulaled  gasoline 
^Assumes  use  of  SS-percent  ethanol  mixed  v^itfi  1 5-perceni  gasoline  in  a  *"flex!b!e-lue)’’  vehicle  that  can  bur  n  any  mixture 
of  alcohol  and  gasoline  it  also  assumes  that  the  t85  llexrbfeduel  vehicle  is  5  percent  more  efficient  than  !he  comparable 
dedicated  gasolme/lCEV  The  dedicated  elhanoi/lCEV  (E 1 00}  is  assumed  to  be  1 2  percent  more  efficient  than  tf-.e  gaso- 
fine/ICEV  because  •!  can  be  optimized  to  run  on  ethanol;  whereas  the  tlexibieduei  vehicle  cannot, 

^Hydrogen  is  made  at  the  refueling  site  from  natural  gas  delivered  by  pipeline  and  Ihen  compressed  to  8,400  psi  for 
delivery  to  vehicles.  The  c-ompr essor  uses  electricity  generated  from  the  projected  national  mix  of  power  sources  m  the 
United  States  in  the  year  2000 

fNaiurai  gas  is  compressed  to  3,000  psi  for  dei'very  to  vehicles  with  high -pressure  tanks 

yHydrogen  is  made  in  centralized  biomass  gasification  plants,  then  compressed  for  pipeline  transport  using  electricity 
generated  at  the  biomass  plant.  At  the  station,  hydrogen  is  cxirnpressed  to  8.400  psi  for  delivery  to  vehicles  by  a  com¬ 
pressor  using  the  projected  year- 2000  U.S.  mix  of  power  sources. 

^'Hydrogen  is  produced  from  water  using  solar  power,  deliveredby  pipeiine  tothe  service  station,  and  thei'i  compressed 
to  8.4(X>psi  for  delivery  to  tiigtvpressure  tanks  onboard  vehicles.  The  hydrogen  compressor  at  the  refueling  slalior  runs 
off  electricity  generated  from  the  projected  national  mix  of  power  sources  in  ttie  United  Stales  m  the  year  2000. 
'Assumes  advanced  biomass-to-ethano!  conversion  techriology  and  eiectncily  cogeneration  (ro'Ti  corn  residue 
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TABLE  4-1  (cont'd):  Projected-C02-Equivaient  Emissions  of 
Greenhouse  Gases.  Circa  2000^ 


Feedstock/fuel 

Fuel-cycle 

C02-equivafent 

emissions 

(grams/km)^ 

Change  In 
COa-equIvalent 
emissions 
(percent) 

Battery-powered  electric  vehicles  (BPEVs) 

Average  U.S.  power  generaling  mix* 

250 

-14 

Solar  power^ 

0 

-90  to  100 

Fuel  cell  electric  vehicles  (FCEVs) 

Coal/met  nano! 

210 

-27 

Coai/comp  "essed  H2 

180 

-37 

Natural  gas/methanol 

120 

-58 

Natural  gas/compressed 

90 

-69 

Biomass/compressed  H2 

30 

-90 

Solar/compressed  H2 

20 

-93 

Biomass/methanol 

17 

-94 

All  solar./compressed  H-/ 

0 

-90  to  100 

J0P£Vs  are  recharged  a(  using  rhe  exira  electricity  generated  speciticaMy  ’o  mee\  the  BPEV  demvand 
^This  BP£V  IS  recharged  from  TOO  percent  solar  power 
‘The  hydrogen  compressor  at  the  staticn  runs  or:  solar  power. 

KBY:  CNG  compressed  naturai  gas.  CH4  '■  methane.  ---  hydrogen,  mpg  ^  miles  per  gasicn.  NMOC  =  nonmelhans 

organic  compounds,  N2O  -  ntlrous  oxide;  NO;>  -  mlr.c  oxide,  psi  -  pounds  per  square  inch 

SOURCE.  The  estimates  presented  here  are  drawn  from  Joan  M  Odgen  et  ai. .  *  A  Technical  and  Economic  Assessrnent 

of  Renewable  Transpoitation  Euets  arid  Tectv'oiogies."  report  prepaied  for  the  Otfee  of  Technology  Assessment.  May 

1994 


Biomass-derived  fuels  such  as  ethanol,  metha- 
no\  or  hydrogen  could  satisfy  a  significant  oor- 
tion  of  transportation  enf'rgy  needs  if  used  in 
conjunction  with  high-efficiency  vehicle  technol¬ 
ogies  such  as  hybrid  electric  vehicles  or  fuel  cell- 
powered  vehicles.  Some  estimates  for  potential 
bioenergy  production  range  up  to  perhaps  25  EJ 
(24  quads)  by  2030. '“Current  transportation  en¬ 
ergy  requirements  are  about  24  EJ  (23  quads) 
annually  and  are  projected  to  increaseto31  EJ  (30 
quads)  by  2010.13  Thus,  unless  coupled  with  very 
aggressive  efforts  to  improve  vehicle  fuel  efficien¬ 
cy,  biomass-derived  fuels  will  probably  not  be 


sufficient  to  completely  displace  imported  oil 
used  for  transportation.  Wind  and  especially  solar 
resources  are  potentially  much  larger  than  bio¬ 
mass.  Although  wind-  or  solar-derived  hydrogen 
and  electricity  would  not  be  resource  constrained, 
their  higher  costs  will  still  justify  attention  to  rais¬ 
ing  vehicle  efficiency.  V/hether  or  not  the  poten¬ 
tial  of  renewable  resources  can  be  realized, 
however,  remains  uncertain  and  depends  on  their 
cost  and  performance  compai'ed  with  other  fuels 
and  technologies.  The  larger  context  of  transport 
infrastructure  development  and  accounting  for  the 


chapter  2.  This  does  not  include  conversion  losses  for  biomass  to  liquid  or  gaseous  fuels. 

•^U.S  Depanmem  of  Energy.  Energy  Information  Administration.  Annual  Energy  /9y4.  DOE^E1A-0.38.'3(94)  (Washington.  DC’ 

January  1994). 
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FIGURE  4-1 :  Alternatives  for  Production  and  Use  of  Transportation  Fuels 
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NOTE  Renewable  energy  pathways  are  shown  as  solid  lines 

SOURCE  Robert  Williams  and  Henry  Kelly,  “Fuel  Cells  and  the  Future  of  the  U  S  Automobile,”  n  d 


social  costs  of  fossil  fuel  use  and  transport  are  also 
very  important. 

I  Principal  Themes 

In  this  chapter,  a  variety  of  alternative  technology 
pathways  are  outlined  that  would  utilize  renew¬ 
able  fuels  and  advanced  propulsion  systems. 
Their  relative  economic,  environmental,  and  tech¬ 
nological  performance  is  analyzed  vis-a-vis  con¬ 
ventional  fossil-fueled  systems;  key  research, 
development,  and  demonstration  (RD&D)  and 
commercilization  issues  that  may  impede  market 


introduction  are  examined;  and  various  policy 
measures  that  could  bring  these  renewable 
technology  pathways  to  fruition  are  explored. 

RENEWABLE  ENERGY  PATHS 
FOR  TRANSPORT 

There  are  many  possible  options  for  automotive 
transportation.  Some  major  options  now  under 
consideration  are  illustrated  in  figure  4-1,  where 
various  combinations  of  primary  energy  sources, 
intermediate  energy  carriers,  and  vehicle  technol¬ 
ogies  are  shown.  Each  fuel-propulsion  system 


’  ^For  a  deiaileddiscussion  of  the  social  costs  of  transportation.  “iCe  U.S.  Congress.  Office  of  Technology  Assessfnem.  Saving  Enerfiy  in  US. 
rran.v/Jor/ar/Vw.OTA-KTI-589  (Washington,  DC:  U.S.  Government  priming  Office,  July  1994). 
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combination  offers  a  different  set  of  energy  re¬ 
quirements,  emission  levels,  and  performance 
characteristics,  as  well  as  a  different  set  of  R&D 
challenges  and  commercial  hurdles.  Some 
technologies  are  relatively  mature,  whereas  others 
are  only  now  being  explored.  There  is  great  uncer¬ 
tainty  as  to  which  of  these  fuel  and  vehicle 
technologies  will  prove  most  desirable;  the  many 
possible  options,  however,  increases  the  likeli¬ 
hood  that  one  or  more  will  be  successful. 

The  development  and  maturation  of  one 
technology  can  in  some  cases  pave  the  way  for 
more  efficient  solutions  later  on.  For  example,  the 
use  of  methanol  or  ethanol  in  internal  combustion 
engine  vehicles  (I  CEVS)  could  lead  to  the  creation 
of  a  bioenergy  crop  infrastructure  that  might  later 
be  shifted  to  bi 
s),  Similarly,  the  creation  of  a  natu¬ 
ral  gas  distribution  network  for  ICEVs — if  prop¬ 
erly  designed  and  appropriate  materials  were 
used — might  ultimately  lay  the  groundwork  for  a 
hydrogen  fuel  infrastructure  that  could  be  used  in 
advanced  propulsion  systems.  '5  Thus,  different 
fuel  and  vehicle  technology  alternatives  are  not 
necessarily  mutually  exclusive  options  but  in 
some  circumstances  can  serve  as  complementary 
strategies  over  the  long  term. 

A  variety  of  evolutionary  paths  can  be  outlined 
that  lead  from  current  technologies  toward  the  use 
of  renewable  fuels  in  low-emission  vehicles.  One 
possible  scenario  is  depicted  in  figure  4-2.  Over 
the  course  of  the  next  decade,  for  example,  ICEVs 
operating  on  compressed  natural  gas  (CNG), 
methanol  made  from  natural  gas,  or  ethanol  made 
from  corn  might  be  introduced  on  a  wide  scale. 
The  use  of  natural  gas  or  alcohols  in  conventional 


FIGURE  4-2:  Transportation  Technology  Pathway 


NOTE;  The  evolution  toward  iovv-emtssion.  h;g}^-ert)c,>ency  vehicle  r>ys- 
terns  could  take  many  dtfteie?':l  directions  Pure  eiectnc  vehicles  or  hy- 
bnd  etectnc  vehicles  could  emerge  as  rmportart  technologies.  Hy'ond 
propulsion  systems  combine  two  povrer  sources;  potential  power 
sources  include  batteries.  iM.vheeis,  inlernal  combustion  engtnes.  gas 
turbines,  tuei  celts,  arid  diese!  engines  A';  vehicle  lechnoiogifts  witi 
beneft!  from  the  introcJjr;tiori  of  iight-weighi  mater:ais.  reductions  in  drag 
and  roiliny  resjstance,  and  improvements  in  mechanical  or  eieci*  ic  arwe 
losses.  Both  conventionai  and  emerging  vehicle  technologies  can  take 
advantage  of  energy  earners  such  as  ri'ielhano;.  ethanol,  hydrogen. 
afKl  electricity  that  can  be  derived  from  rer^ewabie  sources 

SOURCE  U  S  Department  of  Energy  Off  Ice  of  Transportation  Technol¬ 
ogies 

vehicles  offers  a  relatively  low-risk  strategy  for  re¬ 
ducing  petroleum  dependence  in  the  short  term. 

Depending  on  the  particular  fuel  and  vehicle 
technology,  reductions  in  emissions  of  criteria 
pollutants  could  be  modest  (ethanol  and  metha- 


‘^Hydrogcncan^'^PJ'hducedbystcamrcformingof  namralgas.  If  a  network  of  natural  gas  service  stations  were  developed,  a  decentralized 
hydrogen  infrastructure  might  be  created  fairly  quickly.  Since  stationary  fuel  cell  applications  are  likely  to  be  commercially  available  well  be¬ 
fore  transportation  applications,  it  may  be  possible  to  tap  into  natural  gas  steam  reformers  at  these  stationary  sites  for  refueling  of  hydrogen 
ICKV.s  or  F'CVs.  Paul  Miller,  W.  Alton  .lones  Foundation,  personal  communication,  Apr.  19. 1994. 

16  Hydrogen  narural  gas  or  biomass)  and  ethanol  ( from  cellulo.sic  biomass)  are  unlikely  to  be  widely  available  in  the  next  >  0  years. 
Hydrogen  faces  infrastructure  limitations,  and  ethanol  derived  from  CClluloSC  is  still  in  thc  development  and  early  pilot  production  phase.  Com* 
based  eihanoliX  already  in  use  but  is  unlikely  to  be  more  than  a  transition  fuel  since  other  sources  are  more  promising  economically. 
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no])  to  significant  (CNG)  to  dramatic  (hydro¬ 
gen ),  '^Reductions  in  CO,  would  similarly  vary 
widely  depending  on  the  fuel  and  vehicle  technol¬ 
ogy.  over  the  long  term,  more  substantial  reduc¬ 
tions  in  greenhouse  gas  emissions  could  be 
accomplished  through  the  production  of  metha¬ 
nol,  ethanol,  or  hydrogen  fuels  from  renewable 
energy  sources  such  as  cellulosic  biomass  (see 
table  4-1 ). 

If  petroleum  use  is  to  be  reduced  significantly, 
propulsion  systems  with  relatively  high  efficien¬ 
cies  arc  necessary.  Such  efficiency  requirements 
might  be  met  in  the  mid-term  by  hybrid  vehicles 
that,  for  example,  combine  a  small  ICE  with  a  bat¬ 
tery  and  an  electric  motor(s)  driving  the  wheels. 
Hybrid  systems  may  be  able  to  provide  many  of 
the  energy  efficiency  and  emissions  bencilts  of 
pure  battery-powered  electric  vehicles  (BPEVs), 
while  offering  greater  flexibility  with  respect  to 
range  and  performance.  An  ICE-based  hybrid 
could  run  on  a  variety  of  fuels  such  as  hydrogen, 
ethanol,  methanol,  or  reformulated  gasoline.  Re¬ 
search  on  hybrid  systems  could  also  speed  the  de¬ 
velopment  of  electric  drivetrain  technologies  and 
advaned  power  control  systems.  Much  RD&D 
remains,  however,  to  determine  hybrid  vehicle 
cost  and  performance. 

When  cost-competitive,  the  ICE  portion  of  the 
hybrid  could  be  replaced  with  a  fuel  cell,  gas  tur¬ 
bine,  or  advanced  diesel  engine.  The  ICE  hybrid 
could  thus  allow  a  significant  decoupling  of  the 
vaiious  components  of  the  vehicle  system,  per¬ 


mitting  development  of  the  fuel  infrastructure  that 
powers  the  ICE  to  be  largely  separated  from  devel¬ 
opment  of  the  electric  drivetrain.  This  could  facil  i- 
tate  the  introduction  of  fuel  cell  electric  vehicles 
over  the  long  term  (e.g.,  a  methanol  or  hydrogen 
infrastructure  could  be  developed  first  for  ICE  hy¬ 
brids  and  then  used  to  supply  energy  for  fuel  cell- 
based  hybrids). 

The  introduction  of  fuel  cell  vehicles  operating 
on  methanol  or  hydrogen  from  natural  gas  would 
substantially  reduce  both  criteria  pollutant  and 
CO,  emissions  (because  of  the  higher  efficiency 
of  FCVS),  ^Fuel  cell  vehicles  running  on  hydro¬ 
gen  produced  from  biomass  or  renewably  gener¬ 
ated  electricity,  or  alcohol  (methanol  or  ethanol) 
produced  from  biomass,  are  potentially  the  clean¬ 
est  and  highest  performance  systems.  A  decade  or 
more  of  intensive  RD&D  remains  to  be  done, 
however,  before  their  technological  and  economic 
feasibility  can  be  fully  determined. 

Many  key  fuel  cell  technologies  arc  still  in  the 
developmental  phase.  Although  some  advances 
have  been  made  in  the  area  of  PEM  fuel  ccl]  per¬ 
formance,  much  progress  is  required  before  a 
complete  fuel  cell  system  can  be  commercially 
packaged  for  an  automobile.  The  reliability  y  of  the 
essential  components  of  a  fuel  cell  system  has  not 
yet  been  demonstrated  in  an  automotive  environ¬ 
ment  or  over  a  typical  automotive  duty  cycle.  Al¬ 
though  fuel  ccl]  costs  will  likely  drop  as 
economics  of  scale  are  achieved  in  manufactur- 


I  ^y\lihoi|L»halicm;]ii\e  fuels  such  Os  methanol,  ethanol,  and  naiura!  .Cas  are  “inherently”  less  ozone-lormino  and  less  carcinogenic  than 
me.  new  regu  la{or>  requ  ircincjus  for  oasol  could  verv  I  ikely  dinnn  i  sh  ihc  env  ironmcntal  atlv  aiuagc  of  akemat  i  vc  fuels.  Sc^?  D.  E.  -ju- 
Ace. ‘'AkcrnativoFuelsforAutomobneV  Are  Tho>  Cleaner  Ilian  Gasoline’?”  Congressional  Research  Service  Repro  92-235  S,  Feb.  27,  1992: 
also  scc  A  Ian  J,  Kinpn  ick  el  al..  Resources  for  the  Future.  “'Fhc  Cost-HffccLiveuoss  and  Energy  Securit>  Eenckts  ol  Methanol  V ehicles.”  Discus- 
i  ton  Paper  OE90*  25,  Scptcml>ert990:aml  J.  Odgenetal.,  “A  Technical  and  Economic  Assessment  of  Renewable  Trattsponaiion  Fuel\  atid 
Technologies\,  ”  repon  prepared  for  the  Office  of  Technology  Assessment.  May  1994. 

1  ICF.  u  ould  tx'  used  t.  generate  electricity  (o  power  an  electric  motor  drivetrain,  and  tlie  battery  would  prov  ide  ”pcak  power"  tu  tucci 
acceleration  or  hill-climbing  demands.  Unlike  eonvetiiionallCEVs.in  which  theptiv\erplani(the  engine  )  drives  the  vv  heels  directly,  a  hybrid  OF 
pure  electric  vehicle  uses  the  powcrpUvntlc.g.,  heat  engine,  fuel  cell,  or  batter])  to  drive  electric  motors  that  drive  the  wheels. 

'  ‘^Fuel  ccl  Is  are  elccirocheinicai  devices  that  cons  ert  the  chemical  energy  in  a  fuel  (hydrogen  is  preferred )  and  idani  (usually  oxygen  m 
air)  directiylnto  electrical  energy.  Unlike  batteries,  the  reactants  are  supplied  continuously  from  an  exrcma  I, source  (e.  g.,  a  hydrogen  storage 
tank  plus  air).  The  main  c.shaust  product  of  a  fuel  cell  is  water.  Over  a  typical  urban  driving  cycle,  fuel  cell  -propelled  vehicles  could  potentially 
have  two  to  three  times  the  efficiency  of  ICE  Vs. 
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ing,  the  rcciuclions  necessary  lo  make  FCVs  com¬ 
petitive  with  other  vehicle  options  will  require 
intensive  engineering  and  manufacturing  deveh 
opment  in  coming  years. 

BPHVs  have  the  potential  to  directly  displace 
signillcanl  amounts  of  imported  oil  because  just  4 
percent  of  U.S.  electricity  is  generated  from  oih 
and  most  of  this  is  for  peaking  power,  yet  virtually 
every  trip  they  make  would  otherwise  have  been 
made  by  a  gasoline  or  diesel-fueled  vehicle. 
BPEVs  could  offer  significant  energy  efficiency 
and  environmental  benefits,  BPEV  tailpipe  emis¬ 
sions  would  be  zero,  while  the  magnitude  of  CO2 
and  other  emissions  would  depend  on  the  margin¬ 
al  electric  power  generation  mix  of  a  particular  re¬ 
gion.^  ^  Emissions  would  be  lower  for  advanced 
natural  gas  povverpiants  than  for  coal,  due  to  their 
higher  efficiency  and  the  inherent  cleanliness  and 
Ifigh-encrgy  content  of  natural  gas.  Further  reduc¬ 
tions  in  greenhouse  gas  emissions  could  be 
achieved  through  greater  use  of  renewable  energy 
sources  or  nuclear  powder  by  electric  utilities. 

At  present,  however,  no  existing  battery 
technology  would  allow  a  pure  BPEV  to  be  fully 
competitive  with  a  conventional  JCEV,^^  In  the 
near  icrriu  BPEVs  are  most  likely  to  be  used  as 
secondary  vehicles  for  commuting  and  short  trips. 
In  addition  to  vehicle  performance  (determined 
primarily  by  baltcr>'  technology),  the  upfront  ve¬ 
hicle  costs  and  the  life-cycle  operating  costs  of 
Bi  .TVs  will  determine  the  viability  of  this 
technology  option.  The  ^^onomic,  technical,  and 


environmental  characteristics  of  the  more  plausi¬ 
ble  fuel-vehicle  combinations  arc  examined  in  de¬ 
tail  in  the  followin:  sections. 

A  RENEWABLE  FUEL  MENU^^ 

A  variety  of  transportation  fuels  can  be  produced 
from  renewable  resources.  The  discussion  here  fo¬ 
cuses  on  the  four  most  promising  energy  ariers 
that  could  be  used  in  conjunction  with  low’ -emis¬ 
sion  vehicles:  methanol,  ethanol,  hydrogn  (H.). 
and  electricity.  Many  of  the  comercilizaeion  is¬ 
sues  affecting  alternative  transport  fuels  have 
been  addressed  previously  in  the  Office  of 
Technology  Assessment  (OTA)  report  Replacing 
Gasoline  Alternative  fuel  for  Light-Duty  Ve¬ 
hicles  particular!  the  difficulties  inherent  in  de¬ 
veloping  a  new  fuel  distribution  infrastructure." 
The  principal  technical  and  economic  challenges 
facing  renewable  fuels  are  described  below. 

jMethanol 

Methanol  is  a  liquid  fuel  that  can  be  produced 
from  natural  gas,  coal,  or  biomass.  One  major  ad¬ 
vantage  of  methanol  is  that  it  would  require  fewer 
changes  in  vehicle  design  than  some  other  alterna¬ 
tive  fuels,  Flexible-fuel  vehicles,  which  can  oper¬ 
ate  on  methanol,  ethanol,  gasoline,  or  a  mixture  of 
these  fuels,  arc  already  being  produced  in  limited 
numbers  in  the  United  States, '^The  use  :  such 
vehicles  could  case  the  transition  from  gasoline. 
Although  methanol  is  frequently  discussed  as  a  rc- 


‘^‘A  rcct'nl  studv  b>  Al!ison-GM  that  !h^^  initiji!  punhaso  cost?;  o\'  a  inas';-prr>du(.’f*rl  FCV  t  vmU!  Iv  toinpuf  able  lo  a  rniu  entiiMial 

I  C*rV.  [J  lc-c'>  ok'  opera!  in?  may  aKo  coinparabte.  See  Al  lisun  Gas  Turbine  Oiv  ision.  ’’Resean'h  anri  Ocs  ei(ipincni  of  Proton-  Rxeban^e 

Mcjubrane  (PEN!)  Fuel  C'ellS?  stem  for  TfairNpnft:Uic>n.Applicali<Jns:lmri5iK“oncepluaIDesii-n  Report.'’  KDR  16194.  report  prepared  for  the 
(*.  S.  Depanmeniof  Enerpy.  Ofilee  of  TransportalionTeehnolocies, Nos.  30.199.T 

’ '  The  "marpmal  im  x"  is  a  measure  of  the  povx  er  generation  that  must  come  onl  me  due  lo  RPR V  iharpinp  and  is  uho\  e  and  ho>  emd  the 
non-  RPIW' eleeiru  ii;. demaml. 

--No  existing  battery  teel\m)k>gy  p<)s.scsscs  the  neee.ssar,'  energy  density  (for  range},  powet  density  ( joi  acceleraiunt  perlonnanee).  longex  - 
jfv,  low  co't.  or  quick  recharge  chnrac ten’s lic.s  that  would  ailosv  Bf'kVs  to  be  contparable  to  conventional  ICkW. 

- '  I'he  discussion  in  this  sociion  draws  heavily  trom  Odgen  ot  al.,  <ip.  cit..  t’ooinote  17. 

-'*l;..S,C!oneK*ss.Ofru'e  of  Technology  Asses.sincrtt,  RepUu  my  (hiSfiitnc:  Alhniativi'  tucls  for  Li^^hi-Duiy  VVvnc/e.v.  (3  l.'\-h'.^64  (W.istuUiV 
ion.  IX‘;  l.^S.  Ciovenimcnt  Fainting  OtTice.  Scpicndx.'r  1990}. 

^^Ihul.p.  2.A 
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BOX  4-1 :  Methanol  Production  from  Biomass 


Three  basic  thermochemical  (high-temperature)  processes  are  Involved  in  methanoi  production  from 
biomass,  The  first  step  is  production  of  a  “synthesis  gas”  via  thermochemical  gasifcation  of  biomass,  us¬ 
ing  oxygen  rather  than  air  in  order  to  eliminate  dilution  of  the  product  gas  with  nitrogen  (in  air).  Since  oxy¬ 
gen  plants  have  strong  capital  cost  scale  economies,  most  proposals  for  biomass-to-methanol  facilities 
have  Involved  large  plants  (typically  1,500  metric  tonnes/day  input  of  dry  biomass),  Biomass  gasifiers  de¬ 
signed  for  methanol  production  are  not  available  commercially.  A  number  of  pilot-  and  demonstration-scale 
units  were  built  and  operated  in  the  late  1970s  and  early  1980s,  but  most  of  these  efforts  were  halted  when 
oil  prices  fell,  'Work  on  a  fluidized-bed  design  has  been  revived,  with  the  construction  of  a  bagasse-fueied 
demonstration  and  now  being  planned."*  More  recently,  indirectly  heated  gasifiers  have  been  proposed, ' 
These  would  produce  a  nitrogen-free  gas  without  using  oxygen  and  thus  might  be  built  economically  at  a 
smaller  scale. 

Second,  the  synthesis  gas  is  cleaned  and  its  chemical  composition  is  adjusted  The  specific  equipment 
will  vary  depending  on  the  gasifier  used.  Common  to  all  systems  is  a  “shift”  reactor,  which  is  a  commercial¬ 
ly  established  technology.  Other  processing  maybe  required  before  the  shift  stage,  however.  For  example, 
tars  contained  In  the  synthesis  gas  must  be  removed  or  cracked  into  simpler  forms  that  Will  not  deposit  on 
and/or  damage  the  turbine. 

Third,  the  gas  is  compressed  and  passed  through  a  pressurized  catalytic  reactor  that  converts  carbon 
monoxide  and  hydrogen  into  methanol.  A  variety  of  commercial  processes  can  be  used. 

This  thermochemical  process  is  Inherently  more  tolerant  of  diversity  in  feedstocks  than  biological  proc¬ 
esses  (e  g.,  enzymatic  hydrolysis  used  in  ethanol  production), 


‘  A  A  C  M  Beenackers  and  W  P  M  van  Swaa-i,  'The  Biomass  to  Synthesis  Gas  Pilot  Plant  Programme  of  the  CFC  A  First  Evalua- 
tjonof  Results,  ”  Energy ifX>nyBfom3SS,ThirdEurope'^‘iCommuniTy  Conference  (Essex,  England  Efsevier  Applied  Science,  1985),  pp 
1 20-45,  and  E  D  Larson  et  ai ,  “Biomass  Gasification  for  Gas  Tufbme  Power  Generation, "  electricity  Effideni  End-Use  and  New  Gen- 
eration  Technologies, Their  PlanninQ  Implications  (Lund,  Sweden  Lund  University  Press,  1989),  pp  697-739 

"'R  J  Evans  at  al  ,  Battelie  Pacific  Northwest  Laboratory,  "Development  of  Biomass  GasiltcaiionTo  Produce  Substitute  Fuels, " 
PNL-6518. 1988 

E  Wyman  et  al ,  “Ethanol  and  Methanol  from  Cellulosic  Biomass, "  Renewable  Energy  Sources  for  Fuels  and Etectr/atyJ  B 
Johansson  et  al  (eds  )  (Washington,  DC  Island  Press,  1993),  and  E  D  Larson  et  a! ,  Center  for  Energy  and  Ef^vironmentai  Studies, 
Princeton  University,  “Production  of  Methanol  and  Hydrogen  for  Vehicles  from  Biomass,  wi»h  Comparisons  to  Methanol  and  Hydrogen 
Product  Ion  from  Natural  Gas  and  Coal, "  forthcoming 


placement  for  gasoline,  it  can  also  be  used  to  re¬ 
place  diesel. 

Methanol  is  currently  produced  primarily  from 
natural  gas,  but  it  can  also  be  produced  from  coal 
and,  through  a  similar  process,  from  lignocellu- 
losic  biomass  feedstocks.'*’ Biomass-to-methanol 
plants  can  convert  50  to  60  percent  of  the  energy 
content  of  the  input  biomass  into  methanol,  and 


some  designs  have  been  proposed  with  conver¬ 
sion  efficiencies  of  more  than  70  percent.  Box  4-1 
describes  the  basic  processes. 

Two  possibilities  are  interesting,  both  involv¬ 
ing  feedstocks  that  are  produced  today.  One  op¬ 
tion  is  the  use  of  residues  produced  by  the  forest 
products  industry,  which  today  is  the  largest  orga¬ 
nized  user  of  biomass  energy  in  the  United  States. 


^^C.E.WyinanetaL,  “Ethanol  and  Methanol  from  Cellulosic  Biomass,”  Renewahir  Energy:  Sources/or  Fueh  and  Electriciry\Th.}Qhzns- 
son  et  ai.  (eds.)  (Washington,  DC:  Island  Press,  1993). 
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f  TABLE  4-2:  Estimated  Baseline  Retail  Fuel  Prices  (1 991  dollars),  Post-2000  1 

Feedstock/electricity 

Feedstock/electricity 

Delivered  cost  to 

Transport  fuel 

source 

cost 

consumer  (S/GJ)® 

Methanol 

Biomass 

$2.50/GJ 

$1  3-1 5b 

Methanol 

Natural  gas 

$3/GJ 

11-13 

Methanol 

Coal 

$1 .75/GJ 

13 

Ethanol 

Biomass 

$2.50/GJ 

10-15 

Ethanol 

Corn 

$1 /bushel 

14-19 

Hydrogen 

Biomass 

S2.50/GJ 

14-16 

Hydrogen 

Photovoltaic 

6-15  0/kWh 

25-60 

Hydrogen 

Wind 

5-8  c/kWh 

30-40 

Hydrogen 

Natural  gas 

$3/GJ 

11 

Hydrogen 

Coal 

$1. 75/GJ 

14 

Hydrogen 

Nuclear 

5-8  0/kWh 

26-33 

CNG 

Natural  gas 

$3/GJ 

7-8 

Reformulated  gasoline 

Crude  011 

$26/barreF 

9 

Utility  residential 

Offpeak  power 

Conventional  utility 

Renewabl e •  intens; i ve  •  jtii ity 

electricity  rates  (or  recharging  battery-powered  electric  vehicles** 

'f-e  ({.^KWh 

6-8 

4-10  0/kW.n 

•1  g  gaio'j’o  (GJ)  109  -  O  95  m  II  I  BTUS  278  kilowatt-hours,  1  gallon  of  gasoline  =  O  13  GJ  1  gallon  of  methanol  =  O  065  GJ 1  of 

ethanol  -0087  GJ  $1  gaiVjn  of  gasoline  =  $7  67/GJ 

t^Methano^ethrinoJand  hydrogen  fuels  can  be  burned  m  ICES  with  higher  compression  ratios  and  thus  can  opetaiemore  efficventiy  than  gasolne 
engines  This  shotiid  be  taken  mio  consideration  when  comparing  alternate  fuels  with  gasoline 

Based  on  Department  of  Energy  projections  for  fossil  energy  prices  (post-2000)  m  1991  dollars  See  U  S  Department  of  Energy  Energy  I  r?  formation 
Administration  ; 994.  DOE-EIA-0383(94)  (Washington,  DC  U  S  Government  Printing  Off  Ice,  January  1994} 

^A;i  hough  cost  electricity  ®  t  7/GJ)  'S  relatively  high  compared  lo  gasoline  ($9/G.I).  Ihe  achjal  Operating  eiectncity  costs  lor 

BPEVS  are  likely  10  be  substantially  lower  than  for  gasoiine  vehicles,  due  principally  to  the  efficiency  advantage  of  electric  vehicles 
SOURCES  The  est-rnates  presented  here  are  drawn  principally  from  Joan  M  Odgen  et  al  “A  Techmcaiand  Econcr-rvc  Assessment  of  Renewable 
Transportation  Fuels  and  Technologies,  "report  prepared  for  the  Off  Ice  of  Technology  Assessment,  May  1994,  and  U  S  Department  of  Energy  Bio¬ 
fuels  Program  1 994 


Forest  residues  associated  with  annual  wood  har¬ 
vests  for  the  industry  contain  some  1.3  EJ.'^A 
second  feedstock  stream  is  municipal  solid  waste 
(MSW).  This  source,  amounting  to  about  1.8  EJ 
per  year  (after  recycling),  is  especially  attractive 
because  of  its  negative  cost  (e.g.,  it  costs  money 
to  dispose  of  it).  The  gasification  technology 
needed  for  MS  W  is  essential  y  the  same  as  that  re¬ 
quired  for  biomass. 


Since  biomass-to-methanol  plants  are  not  yet 
commercially  available,  costs  are  uncertain  (table 
4-2  gives  one  estimate  of  baseline  alternative  fuel 
production  costs  for  the  post-2000  timeframe). 
From  scattered  cost  data,  it  is  estimated  that  meth¬ 
anol  from  biomass  could  be  produced  for  about 
$14/GJ,  equivalent  to  $1  ,85/gal  gasoline,  with 
commercially  ready  technology  in  a  plant  with  a 
capacity  of  about  10  million  GJ/yr  (about  500  mil- 


^^AnthorivF-Turhollowand  Steve  M.  Cohen,  Oak  Ridge  National  Laboratory,  “Data  and  Sources:  Biomass  Supply,”  draft  report,  Jan.  28, 
1994. 
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lion  liters/year  or  130  million  gal/year).  Methanol 
derived  from  natural  gas  costs  about  $11/GJ 
($1  .45/gal  gasoline),  while  production  of  metha¬ 
nol  from  coal  costs  about  $  13/GJ  ($1.70/gal  gaso¬ 
line).  Compared  with  reformulated  gasoline  (even 
at  $26/barrel  for  crude  oil),  methanol — regardless 
of  the  primary  energy  source — is  marginally  com¬ 
petitive  at  best.  As  discussed  below,  however, 
methanol  can  potentially  be  used  at  much  higher 
efficiency  than  gasoline,  e.g.,  in  FCVs,  offsetting 
its  higher  cost. 

Capital  represents  the  largest  fraction  of  the  to¬ 
tal  cost  of  methanol  produced  in  small  plants, 
whereas  feedstock  is  the  dominant  cost  in  large 
plants.  Thus,  capital  cost  reductions  will  be  most 
important  in  reducing  methanol  costs  from  small 
plants,  while  increases  in  biomass  conversion  effi¬ 
ciency  will  be  most  important  on  a  large  scale.  As 
a  liquid  fuel,  methanol  would  carry  distribution 
and  retaihng  costs  that  are  approximately  the 
same  per  unit  volume  as  gasoline.  The  volumetric 
energy  density  of  methanol  is  roughly  half  that  of 
gasoline,  however,  resulting  in  a  reduced  range  for 
methanol-fueled  vehicles  (for  a  given  storage  tank 
volume  and  engine  type)  and  higher  distribution 
and  retailing  costs  on  an  energy-equivalent  basis. 

The  use  of  pure  methanol  could  reduce  air 
pollution,  particularly  urban  smog.  As  with  other 
alternative  fuels,  methanol  has  a  number  of  attrib¬ 
utes  that  appear  superior  to  gasoline.  28  In  particu¬ 
lar,  methanol: 

•  has  lower  volatility  than  gasoline,  which 
should  reduce  evaporative  emissions. 

«  has  a  lower  photochemical  reactivity  than  gas¬ 
oline.  As  a  consequence,  emissions  of  un- 
bumed  methanol,  the  primary  constituent  of 
methanol  vehicle  exhaust  and  fuel  evaporative 
emissions,  have  less  ozone-forming  potential 


than  an  equal  weight  of  organic  emissions  from 
gasoline-fueled  vehicles . 

•  has  higher  octane  and  wider  flammability  Km  - 
its  than  gasoline.  This  allows  a  methanol  en¬ 
gine  to  be  operated  at  higher  (leaner)  air-to-fuel 
ratios  than  similar  gasoline  engines,  promoting 
higher  fuel  efficiency  and  lower  CO  and  organ¬ 
ic  emissions. 

In  addition,  if  produced  from  biomass  feed¬ 
stocks  grown  on  a  renewable  basis,  methanol 
would  provide  a  substantial  CO,  benefit  over  gas¬ 
oline.  However,  any  benefits  are  highly  dependent 
on  the  feedstock.  Methanol  from  coal,  for  exam¬ 
ple,  would  result  in  higher  CO,  gas  emissions."’ 
Methanol  does  have  some  environmental  disad¬ 
vantages,  particularly  greater  emissions  of  form¬ 
aldehyde,  which  could  require  special  emission 
controls.  The  liquid  fuel  itself  is  toxic, ^‘^moder¬ 
ately  corrosive,  and  highly  flammable;  thus,  some 
modifications  to  the  existing  fuel  distribution  sys¬ 
tem  are  expected  to  be  required. 

It  should  also  be  noted  that,  under  pressure 
from  both  state  and  federal  regulation,  gasoline  is 
being  improved  to  reduce  its  emissions  and  new 
emissions  control  technologies  are  nearing  com¬ 
mercialization.  These  developments  could  effec¬ 
tively  eliminate  the  exhaust  emission  advantages 
of  alternative  fuels  such  as  methanol  and  ethanol. 
On  the  other  hand,  new  formulations  of  gasoline 
must  contain  oxygenates  such  as  ethanol  or  deriv¬ 
atives  of  either  methanol  (e.g.,  methyl  tertiary- 
butyl  ether,  MTBE)  or  ethanol  (e.g,,  ethyl 
tertiary  -butyl  ether,  ETBE).  The  addition  of  oxy¬ 
genates  to  gasoline  can  reduce  CO  formation  but 
appears  to  offer  little  benefit  in  terms  of  reducing 
atmospheric  ozone  levels. 


an  additive  to  gasoline,  however,  methanol  provides  little  or  no  air  quality  advantages  except  for  tlie  reduction  of  carbon  monoxide. 
There  are  significant  evaporative  emissions  that  can  affect  ozone  formation  when  alcohol  fuels  are  blended  with  gasoline.  See  Calvert  et  al.,  op. 
cit.,  footnote  7. 

2^0fficc  of  Technology  Assessment,  op.  cit„  footnote  24.  p.  71. 

^‘^Methanol,  however,  lacks  the  toxics  (e.g.,  benzene)  found  in  gasoline  and  thus  can  reduce  levels  of  carcinogenic  emissions. 
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In  the  longer  term,  a  potentially  important  ad¬ 
vantage  of  methanol  fuels  is  their  possible  use  in 
fuel  cell  vehicles  (see  below).  Since  methanol  can 
be  derived  from  a  variet  y  of  different  sources  and 
can  be  used  in  both  conventional  and  advanced 
propulsion  systems,  it  could  play  an  important 
role  in  moving  away  from  a  fossil  fuel-based 
transportation  system. 

I  Ethanol 

Ethanol,  like  methanol,  is  a  liquid  fuel  that  can  be 
used  in  internal  combustion  engines.  It  can  be  pro¬ 
duced  from  biomass — about  one-third  of  Brazil 
automobile  fleet,  for  example,  runs  on  straight 
ethanol  produced  from  sugars  The  vehicle-re¬ 
lated  technical  issues  for  ethanol  are  essentially 
the  same  as  for  methanol-it  requires  only  minor 
modifications  for  use  in  gasoline  engines,  but 
more  involved  changes  are  required  for  use  in  die¬ 
sel  engines. 

Generally,  emissions  from  ethanol  vehicles  are 
expected  to  be  similar  to  those  from  methanol  ve¬ 
hicles,  except  that  acetaldehyde,  rather  than  form¬ 
aldehyde,  will  be  elevated.  Ethanol,  like 
methanol,  is  inherently  less  ozone-forming  and 
less  carcinogenic  than  gasoline/- 

As  previously  noted,  new  controls  on  gasoline 
are  likely  to  reduce  or  even  eliminate  the  exhaust 
emission  advantages  of  ethanol  and  methanol. 
Ethanol  can  be  used  either  as  m  additive  to  gaso¬ 
line  or  directly.  As  an  additive,  its  primary  envi¬ 
ronmental  benefit  is  a  reduction  of  CO.  However, 


gasoline-ethanol  blends  that  contain  low  percent¬ 
ages  of  ethanol  (e.g.,  10  percent)  increase  the  vola¬ 
tility  of  gasoline,  thus  increasing  the  mass 
evaporative  emissions  that  can  react  with  sunlight 
to  form  ozone.  By  using  ETBE,  an  ethanol  deriva¬ 
tive,  instead  of  ethanol  itself,  the  volatility  prob¬ 
lem  can  be  avoided.^^This  is  also  true  when 
100-percent  ethanol  (ElOO)  is  used.  E85  (85  per¬ 
cent  ethanol,  15  percent  gasoline)  has  evaporative 
emissions  comparable  to  gasoline. 

The  emissions  of  CO,  from  the  full  fuel  cycle 
for  ethanol  vehicles  vary  greatly  depending  on  the 
feedstock  from  which  ethanol  is  ^^oduce...  With 
com,  the  emissions  have  been  estimated  to  range 
from  modestly  lower  to  slightly  higher  than  those 
of  gasoline,  due  to  the  need  for  fossil  fuel  use  in 
the  production  of  the  corn  and  ethanol."^  On  the 
other  hand,  if  ethanol  is  made  from  cellulosic  bio¬ 
mass,  CO,  emissions  could  be  reduced  dramati¬ 
cally  (table  4-1  ). 

The  overall  energy  balance  for  corn-based  etha¬ 
nol  is  only  modestly  positive,  at  best.  If  the  by¬ 
products  of  ethanol  production  (e.g..  CO,  and 
distilled  grains  for  cattle  feed)  and  the  energy  in¬ 
puts  required  to  grow  corn  (e.g.,  fertilizers,  herbi¬ 
cides,  and  machinery  fuel)  are  incorporated  into 
an  overall  energy  balance,  the  net  energy  gain  of 
corn-based  ethanol  is  estimated  to  range  from  -2  to 
-1-34  percent  (i.e.,  there  can  be  a  fuel-cycle-wide 
net  energy  loss  of  2  percent  or  a  net  energy  gain  up 
to  34  percent)  compared  with  fossif^energy  ’  .- 
puts.’^'^This  energy  balance  does  not  take  account 


^  I  World  Bank,  “Alcohol  Fuel\  from  Su^arln  Bra/.il,”  Thr  ifrhanEdge,  October  1990,  p.  5, 

lhanol  is  however.  Nomes*,  hat  more  pholochcmically  reactive  than  methanol  and  thus  can  give  rise  to  slightly  higher  concentrations  “ 
ozone  than  methanol.  Oushec.op.  cit.,  footnote  17. 

‘^•'F.Tnr  has  flower  vapor  pressure  than  MTBF.  hot  localise  ethanol  cost.s  more  than  metlianol  as  a  feedstock,  MTBK  had  been  the  ether  ‘'>1 
choice.  How  ever,  on  June  1994.  the  Environmental  Protection  Agency  promulgated  a  rule  that,  beginning  in  1995,  15  percent  of  gasoline 
oxygenuic.s  must  come  from  “renewable**  sources,  which  in  practice  means  ethanol  or  ETBE.  In  1996,  the  renewable-based  oxygenates  would 
increa.se  to  50percent.  This  fulc  was  overturned  by  a  U.S.  CoUft  of  Appeals  Ofl  April  28.  1995. 

estimates  ,;how  that  C,.m"^cri^c^  ethanol  can  slightly  reduce  overall  CO?  emis.sions.  Further  research  IS  needed  to  clarify  this  issue. 

•'•‘^Thcrc  may  he  hydro- generated  electricity  inpUtS  irs  well. 

^^John  Bailey,  Institute  for  Local  Self  Reliance,  personal  communication, 
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At  the  Nationaf  Rene\vabie  Energy  iaoorator/.  a  pilot -scale  production  plant  converts  cellulose  to  eihwol.  Left:  Biomass 
feedstock  is  v^asheef  and  pretrecited  before  conversion.  Right:  Four  9.(X)0-iiter  fermentation  tanks  aHov/  scoie-up  of  promising 
conversiot*  processes 


of  the  com  stover  (field  residue)/’ The  stover 
contains  more  than  enough  energy  to  operate  a 
com-to-ethanol  plant,  so  the  net  energy  fraction 
might  improve  considerably  if  a  portion  of  the 
stover  were  collected  and  used  to  replace  external 
energy  sources. 

Another  major  issue  with  ethanol  is  the  cost  of 
production.  It  is  heavily  dependent  on  the  cost  of 
the  feedstock  (corn  in  the  United  States,  sugar  in 
Brazil)  and  the  market  value  of  the  byproducts. 
Among  potentially  rene  able  fuels,  ethanol  (pri¬ 
marily  from  corn)  is  the  only  one  that  is  produced 
commercially  on  a  large  scale  in  the  United  States. 
It  is  used  principally  as  a  10-percent  blend  with 

gasoline  in  Conventional  ICEVs.  About  3  billiiin 

liters  of  ethanol  arc  made  annually  in  the  United 
States,  almost  all  from  corn.  Ethanol  from  corn  is 


not  cost-competitive  with  gasoline,  so  federal 
subsidies  (currently  about  540/gal)  are  necessary 
to  support  continued  production. 

Ethanol  from  Lignocelluiose 

The  high  cost  of  corn-based  ethanol  has  motivated 
efforts  to  convert  lower  cost  biomass,  primarily 
woody  and  herbaceous  materials,  into  ethanol. 
These  feedstocks  are  less  costly  than  corn  because 
much  larger  quantities  can  be  produced  per  Ian  ! 
area  and  fewer  agricultual  chemical  or  other  in¬ 
puts  are  required.  In  addition,  they  do  not  directly 
compete  with  food  crops.'""  however, 

more  difficult-and  to  date  more  costly-to  con¬ 
vert  into  ethanol.  Advances  in  biotechnology  may 
change  this  outlook.  Research  by  the  National  Re- 


Bt'usoii  anti  R.B.  Pearce.  "Corn  Perspective  and  Culture,"  Com:  Chemiury  an<l  Ti't  hnoloiiy,  .Anwriau;  Axsociatiim  of  Cereal 
Chemists  (St.  Paul,  MN.  )%7), 

course,  they  ma>  compete  with  food  crops  indirectly  in  terms  of  land  use.  see  chapter  7 
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newable  Energy  Laboratory  (NREL)  and  others 
into  cellulose-to-ethanol  processes  is  promising 
and,  if  successful,  could  offer  a  cost-effective 
means  of  producing  ethanol  in  very  large  quanti- 

.  •  39 

ties. 

Woody  and  herbaceous  biomass,  referred  to 
generally  as  lignocellulosic  material,  consists  of 
three  chemically  distinct  components:  cellulose 
(about  50  percent),  hemicellulose  (25  percent), 
and  lignin  (25  percent)/“Most  proposed  proc¬ 
esses  involve  separate  processing-either  acid  or 
enzymatic  hydrolysis-of  these  components.  In 
the  first  step,  pretreatment,  the  hemicellulose  is 
broken  down  into  its  component  sugars  and  sepa¬ 
rated  out.  The  lignin  is  also  removed.  The  cellu¬ 
lose  is  then  converted  into  fermentable  glucose 
through  hydrolysis.  After  fermentation,  the  prod¬ 
ucts  are  distilled  to  remove  ethanol.  Byproducts  of 
the  separation  process,  such  as  lignin,  can  be  used 
as  fuel. 

Acid  Hydrolysis 

A  number  of  variants  on  the  basic  process  of  acid 
hydrolysis  have  been  proposed,  each  typically  in¬ 
volving  use  of  a  different  acid  and/or  reactor  con¬ 
figuration.  One  system  incorporates  two  StagCS 

of  hydrolysis  using  dilute  sulfuric  acid.  In  the  first 
step,  the  acid  breaks  the  feedstock  down  into  sim¬ 


ple  sugars.  The  acid  also  degrades  some  of  the 
product  sugars,  however,  so  that  they  cannot  be 
fermented,  thus  reducing  overall  yield.  R&D  has 
been  aimed  at  improving  the  relatively  low  yields 
(55  to  75  percent  of  the  cellulose)  through  the  use 
of  other  acids.^" Low-cost  recovery  and  reuse  of 
the  acids  are  necessai'y  to  keep  production  costs 
down  but  have  yet  to  be  commercially  proven  .43 

The  estimated  total  cost  of  producing  ethanol 
by  different  proposed  acid  hydrolysis  processes  is 
high  ($15  to  $20/GJ  or  $2.00  to  $2.60/gal  gaso¬ 
line)  .44  The  potential  for  cost  reduction  is  limited 
because  the  maximum  overall  efficiency  of  con¬ 
verting  energy  in  the  biomass  feedstock  by  acid 
hydrolysis  is  only  about  30  percent.  The  sale  of 
chemical  byproducts  (e.g.,  furfural)  improves 
economics,  but  the  potential  market  is  much 

smaller  than  production  by  a  large-scale  fuel  etha¬ 
nol  industry  Byproduct  electricity  could  also 

offset  ethanol  costs,  but  the  amounts  of  exportable 
electricity  coproduced  in  process  configurations 
to  date  have  been  relatively  small.  This  situation 
might  change  if  more  advanced  cogeneration 
technologies  are  considered  (see  chapter  5). 

Unless  world  oil  prices  rise  considerably  (to 
$40/barrel  or  more),  ethanol  from  acid  hydrolysis 
appears  to  be  an  unpromising  technology,  particu  - 


sector  could  support  the  production  of  roughly  I 

portaiion  energy  consumption  is  about  22  EJ)  of  delivered  ethanol  from  ccllulosic  biomass  (not  from,  e.g.,  grain  or  sugarcane).  Of  course,  this 
will  a). so  depend  on  export  opportunities  ft>r  agricultural  cununodiiie.s  and  other  factors  (see  chapter  2).  Randall  A.  Reese  et  al.,  “Uerbaceou.s 
Biomass  Feedstock  Production:  The  Economic  Potential  and  Impacts  on  U.S.  Agriculture”  Energy  Policy,  July  1993,  pp.  726-734. 

■^^'Percentages  vary  for  different  species.  Wof)d  consists  of  about  50  percent  cellulose  and  25  percent  hemicellulose.  Grasses  have  roughly 
equal  amount':  of  cellulose  and  hemicellulose  (between  30  and  35  percent).  i.D.  Wright,  "Ethanol  from  Ugnoccllulase:An  Overview,  "Energy 
Progre\^.vc}l  iR.iVb.  2,  l98S.pp.71  -78:  and  Anthony  Turbo)  lovv.  Oak  Ridge  National  Laboratory,  personal  communication,  Apr.  22,  1994. 

4 1  Wv  footnote  26. 

■^•SeeJ.D.  Wright  etal.,  Evatuatioti  of  Concentrated  Halogen  Acid  Hvdrolysis  Processes  for  Alcohol  Fuel  Production,  5vEPl/TR-222-2.3B6 
(Golden,  CO:  Solar  Energs  Research  Institute,  1985). 

■^hbid. 

^  Arsm  et  al.  ‘'Biomass-Oasifier  Sieain-  b»jecied  Oils  Turbine  Cogeneration  for  rhe  Cane  Sugar  Industry,”  Energy  from  Biomass  and 
WastesXlV,  D.I.  Klass  (cd. )  (Chicago,  IL.  Institute  for  Gas  Technology,  1991), 

■^•'*.SeeP.^^^Bcrgeroneta).,*TJ^l«fc.^cj^iH\drolvs^sof  Flioma.ssfor  EthanolProduction,  ”  Energy  from  Biomass  and  WastesXH  (Chicago,  H.: 
Institute  for  Gas  Technology',  1989),pp.  1277-  1296;  and  MM.Biiilset  al.,  "Conversion  of  Ccllulosic  Feedstocks  (o  Ethanol  and  Other  Chemi¬ 
cals  Using  TVA’s  Dilute  Sulfuric  Acid  Hydrolysis  Process,”  Energy  fromBiomass  and  Wastes  XJV^l>.L.KVA^^{cd.)  (Chicago,  IL:  Institute  for 
Gas  Technology,  1991). 
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larly  in  light  of  developments  in  enzymatic  hydro¬ 
lysis. 

Enzymatic  Hydrolysis 

Enzymatic  hydrolysis  of  cellulose  has  been  under 
development  for  about  two  decades.  Advances 
that  have  been  made  in  this  technique  specifically, 
and  in  biotechnology  more  generally,  suggest  that 
economically  competitive  commercial  systems 
could  be  developed  by  early  in  the  next  century. 

Biological  enzymes  typically  break  down  only 
the  cellulose  and  do  not  attack  the  product  sugars. 
Thus,  in  principle,  yields  close  to  100  percent  can 
be  achieved  from  cellulose.  A  feedstock  pretreat¬ 
ment  step  is  typically  required  since  biomass  is 
naturally  resistant  to  enzyme  attack.  The  most 
promising  option  appears  to  be  a  dilute  acid,  in 
which  the  hemicellulose  is  converted  to  xylose 
sugars  that  are  separated  out,  leaving  a  porous  ma¬ 
terial  of  cellulose  and  lignin  that  can  be  attacked 
more  readily  by  enzymes.’^ 

A  number  of  bacteria  and  yeasts  have  been 
identified  and  tested  as  catalysts  of  cellulose  hy¬ 
drolysis.  Three  process  configurations  have  re¬ 
ceived  the  most  attention  from  researchers: 

■In  the  separate  hydrolysis  and  fermentation 
(SHF)  of  cellulose,  three  distinct  operations  are 
used  to  produce  enzymes,  hydrolyze  cellulose, 
and  ferment  the  glucose. 

■A  promising  modification  of  the  SHF  process 
involves  simultaneous  saccharification  and  fer¬ 
mentation  (SSF)  in  a  single-reaction  vessel, 
permitting  higher  product  yield  and  improved 


economics. Projected  total  biomass  energy 
conversion  efficiency  to  ethanol  with  improved 
xylose  fermentation  is  about  64  percent.'*'^  The 
projected  costs  for  ethanol  produced  by  this 
method  range  from  $10  to  $15/GJ  ($1  .30  to 
$2.00/gal  gasoline)  (roughly  similar  to  the  cost 
for  biomass-derived  methanol)  delivered  to  the 
consumer. ^'Research  lowered  the  cost  of  bio- 
mass-derived  ethanol  from  $4.  15/gal  in  1980  to 
$  1.65/gal  in  1993,  including  the  cost  of  deliv¬ 
ery.^” 

1  Single-reactor  direct  microbial  conversion 
(DMC)  combines  enzyme  production,  cellu¬ 
lose  hydrolysis,  and  glucose  fermentation  in  a 
single  process.  In  limited  efforts  to  date,  how¬ 
ever,  DMC  ethanol  yields  have  been  lower  than 
those  from  the  SHF  or  SSF  processes,  and  a 
number  of  undesired  byproducts  have  resulted. 

A  potential  complication  for  ethanol  produc¬ 
tion  is  that  the  enzymes  currently  used  in  the  most 
promising  conversion  process — ezymatic  hy¬ 
drolysis — may  require  relatively  homogeneous 
feedstocks  to  achieve  projected  performance,*" 
Although  researchers  have  been  able  to  convert 
wastepaper  and  agricultural  and  forest  product 
wastes  into  ethanol  using  enzymatic  hydrolysis.^' 
it  may  prove  easier  and  less  expensive  to  harvest 
and  process  a  monoculture.  From  an  ecological 
perspective,  however,  the  ability  to  draw  on  bio¬ 
mass  polycultures  would  be  preferable  in  the 
longer  term  (chapter  2).  If  polyculture  feedstocks 
are  pursued,  they  may  require  the  development  of 
improved  enzymes  and  processing  technologies. 


^J.D.  Wright,  “Ethanol  from  Biomass  by  Enzymatic  Hydrolysis,”  Chemical  Engineering  Progress,  August  1988,  pp.  62-74. 

Wright  et  al..  Simultaneous  Saccharification  and  Fermentation  of  Ugnocelhdose:  Process  Evaluation  (Golden,  CO:  Solar  Energy 
Research  Institute,  1988). 

^^Wvman®^  tootnoie^'^- 

^^Ogderjetal..  op.  cit.,  footnote 

Brogan,  op,  cit..  footnote 

5 1  Research  on  enzymatic  hydroJysi.s  at  NR  EL  is  now  broadening  its  focus  to  include  research  on  common  farm  species  that  may  be  inter¬ 
mixed  with  the  primary  species  grown. 

^*RobenH,  W'alkcr.Director,  Planning  and  Evaluations,  Alternative  Feedstock  Development  Department,  Amoco  Corp.,  personal  commu¬ 
nication.  May  1994. 
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I  Hydrogen 

Interest  in  hydrogen  as  an  alternative  fuel  for 
transport  has  grown  rapidly  in  recent  years.  Hy¬ 
drogen  is  an  extremely  clean  fuel  that  can  be 
burned  in  ICES  or  electrochemically  converted  to 
generate  electricity  in  fuel  cells.  Hydrogen  can  be 
produced  from  natural  gas  or  coal:  however,  a 
more  environmentally  appealing  idea  from  the 
perspective  of  CO.  and  other  emissions  is  the  pro¬ 
duction  of  hydrogen  from  biomass  via  gasifica¬ 
tion  or  from  the  electrolysis  of  water  by  using 
electricity  generated  from  renewable  energy. 

Fuel-cycle  emissions  of  ^O.and  other  green¬ 
house  gases  can  be  reduced  significantly  or  per¬ 
haps  eLminated,  depending  on  the  source  of 
energy  used  to  produce  hydrogen.  Fuel  cell  ve¬ 
hicles  that  use  hydrogen  have  essentially  no  tail¬ 
pipe  emissions  apart  from  water  vapor.  The 
tailpipe  emissions  from  hydrogen  ICEVs  are 
much  lower  than  those  from  a  compai'able  gaso¬ 
line-powered  vehicle.  Emissions  of  CO,  hydro- 
cai'bons  (HCs),  and  particulate  are  essentially 
eliminated  (traces  of  these  gases  may  be  emitted 
from  combustion  of  lubricating  oils  in  the  engine). 
The  only  pollutants  of  concern  are  nitrogen  oxides 
(NOx),  which  are  formed,  as  in  all  ICES,  from  ni¬ 
trogen  taker  from  the  air  during  combustion.  Hy¬ 
drogen  vehicles  probably  will  be  able  to  meet  any 
NO^^standard  that  a  gasoline  .  hide  can  meet.  In 
principle,  rn  ultralean  hyd.  -gen  engm.e  could  pro¬ 


duce  very  little  NO^,  and  some  recent  work  by 
Daimler-Benz  has  demonstrated  near-zero  emis¬ 
sions  of  NOx  in  hydrogen-powered  test  vehicles. 

Environmental  benefits  can  also  be  achieved  by 
blending  hydrogen  with  other  fuels.  Dual  fuel  op¬ 
eration  with  hydrogen  and  gasoline  or  diesel  fuel 
can  substantial]  y  reduce  emissions  of  all  regulated 
pollutants.  The  addition  of  relatively  small 
amounts  of  hydrogen — as  little  as  5  to  10  percent 

by  mass-can  reduce  CO,  HC,  and  NO,  emxs- 
sions^^  hydrogen  to  natural 

gas  (the  blend  is  called  "hythane"\  NOx  mis¬ 
sions  from  ICEVs  can  also  be  substantially  re¬ 
duced.^" 

The  principal  bairiers  to  widespread  hydrogen 
use  include  difficult  storage  requirements,  high 
production  costs,  and  lack  of  a  distribution  infra¬ 
structure. 

Hydrogen  Storage 

Hydrogen  has  a  very  low  energy  density.  Typical 
volumetric  energy  densities  for  hydrogen  are  5  to 
15  percent  that  of  gasoline  when  stored  in  pressur¬ 
ized  tanks  or  metal  hydrides,^^ Therefore,  a  hy¬ 
drogen-fueled  vehicle  requires  either  large 
on-vehicle,  high-pressure  storage  tanks."^  cryo¬ 
genic  storage,  '  or  storage  in  another  medium. 
Factors  at  play  in.  the  development  of  hydrogen 
’orage  systems  include  •  "'ergy  densities  in  terms 
cf  weight  and  volume,  safety  during  refueling  r '  ’ 


'Opdcn  .il..  op.  cit.,  tootnote  i  7. 

''■^Con.srcssionai Re.sL'arcti  Service.  ‘‘Hydrogen  aNaFuel."  Mai.  22.199.V 

arc  special  materials  that  ah'corh  and  hold  large  quantities  i)f  hydrogen.  When  heated.  Utey  release  hydrogen  gas. 

56  The  of  he  teduecd  somewhat  with  the  introduction  ot  ad\  aiu  ed  lightweight  materials.  (  .jrbiMt-fibei - 

wrapped,  aluminum-1  ined  tanks  allow  storage  at  S.t>:)0  psi,  high  enough  for  energy  ilcnsiticscompcliti\e  with  other  storage  methods.  Carbon 
fiber  is  currently  quite  expensive  at  S.‘^t)per  pound  hut  is  expected  to  drop  in  tcist  The  crash'.vovthinc^sot  such  tanks  hnu  ever,  has  not  becnluds 
dcicnnincd. 

^'Stfirago  liquefied  hydro«cn  would  provide  lugh  energy  densities.  Htiwever,  insulated,  cra^hw  orihy  tanks  would  have  to  be  de\.  eloped, 
a.swplias  a  special  infrastnicture  for  handling  I  iqu  id  hydrogen.  A  Iso.  hydrogen  I  iqucfaclionisan  eucigs  -  inlensl^  e  process. 

an  example,  hydrogen  c.'in  be  stored  form  of  iron.  Steam  from  a  fuel  cell,  for  example.  ciMiidbcM.scul  to  oxtdi/c  ix>w. 

dered  iron  m  a  tank  onN^ardthe  \  chicle,  releasing  hydrogen  to  be  usedas  fuel.  When  the  entire  tank  ot  iron  has  turned  to  rust,  it  is  exchanged  tor 
fresh  iron,  and  oxidi/cd  material  could  be  reduced  back  to  iron  at  a  central  facility.  Tliis  is  a  potentially  inexpensive  and  compact  storage  ap¬ 
proach.  H-Power  Corporation  of  New  jersey  is  developing  this  technology. 
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in  case  of  accidents/’ and  cost  of  materials  and 
construction.  Hydrogen  storage  requirements 
could  be  eased  if  vehicle  propulsion  systems  with 
high  efficiencies  were  developed.  For  example,  by 
one  estimate,  a  hybrid  electric  vehicle  that  uses  a 
small  ICE  fueled  by  hydrogen  to  generate  electric¬ 
ity  could  reduce  hydrogen  storage  requirements 
by  50  to  65  percent  compared  with  a  pure  ICEV.'^*’ 
The  high  efficiencies  of  fuel  cell-based  vehicles 
would  further  ease  hydrogen  storage  problems 
(see  discussion  below).  In  the  near  term,  onboard 
hydrogen  pressure  tanks  could  build  on  the  expe¬ 
rience  of  compressed  natural  gas  vehicles. 

Costs  of  Hydrogen  Fuelel 

As  shown  in  table  4-2,  the  cost  of  hydrogen  pro¬ 
duced  from  renewable  sources  varies  consider¬ 
ably.  On  a  large  scale  (for  plants  producing  50 
million  standard  cubic  feet  of  hydrogen  per  day), 
biomass  hydrogen  could  cost  perhaps  $8  to 
$1  1/GJ  to  produce  (assuming  biomass  costs  of  $2 
to  $4/GJ),  with  delivered  costs  of  about  $14/GJ 
(or  $1. 85/gal  gasoline  equivalent),  making  it  the 
least  expensive  method  of  renewable  hydrogen 
production. ‘^■Renewable  electrolytic  hydrogen — 
hydrogen  produced  from,  e.g.,  wind-  or  photovol- 
taic-generated  electricity-could  cost  anywhere 
from  two  to  four  times  as  much  as  hydrogen  from 
biomass  ($20  to  $60/GJ),  depending  on  advances 
in  photovoltaic,  wind,  or  other  renewable  technol¬ 
ogies  (see  chapter  5).  Because  of  their  modular  na¬ 
ture,  however,  electrolytic  hydrogen  systems 
could  be  employed  at  a  much  smaller  scale  than 
biomass  gasifiers.  On  small  production  scales — 
which  one  would  expect  at  the  beginning  of  a  tran¬ 


sition  to  hydrogen  or  if  environmental  constraints 
limited  the  size  of  any  one  production  area — the 
cost  advantage  of  hydrogen  from  biomass 
compared  to  photovoltaic-  or  wind-powered  elec¬ 
trolysis  would  likely  be  reduced. 

On  a  large  scale,  hydrogen  from  steam  reform¬ 
ing  of  natural  gas  could  cost  $5  to  $10/GJ  (with 
natural  gas  prices  of  $2  to  $6/GJ)  or  65  @  to 
$1. 30/gal  gasoline  equivalent.  On  a  smaller  scale 
(0.5  million  standard  cubic  feet/day  or  200  GJ/ 
day),  hydrogen  from  steam  reforming  could  cost 
about  $11  to  $17/GJ  ($1  .45  to  $2.25/gal  gasoline 
equivalent).  Coal  gasification  plants  would  also 
exhibit  strong  scale  economies.  For  large  plant 
sizes,  hydrogen  from  coal  could  cost  about  $10  to 
$14/GJ  (for  coal  costing  $1.50/GJ)  or  $1.30  to 
$1. 85/gal  gasoline  equivalent.  For  a  given  plant 
size,  the  cost  to  generate  hydrogen  from  biomass 
via  gasification  would  probably  be  somewhat 
lower  than  the  cost  from  coal  because  biomass  can 
be  gasified  more  quickly  and  at  lower  tempera¬ 
tures  than  coal,  allowing  the  plant  to  be  smaller 
and  less  capital  intensive  for  a  given  output. 

Developing  a  Hydrogen  Infrastructure 

One  of  the  key  issues  for  development  of  hydro¬ 
gen  as  a  transportation  fuel  is  that  no  large-scale 
hydrogen  delivery  system  exists.  This  is  unlike 
the  situation  for  gasoline,  electricity,  or  natural 
gas,  where  widespread  distribution  systems  are  al¬ 
ready  in  place.  Moreover,  developing  an  infra¬ 
structure  would  be  more  difficult  for  hydrogen 
(which  must  be  transported  as  a  compressed  gas, 
as  a  cryogenic  liquid,  or  by  pipeline)  than  for  liq¬ 
uid  fuels,  such  as  methanol  or  ethanol,  which  can 


^^.Many  questions  have  also  been  raised  about  the  safety  of  hydrogen.  Although  these  concerns  should  not  be  dismissed,  the  dangers  of 
hydrogen  use  have  probably  been  overstated.  With  regard  to  flammability,  hydrogen  is  not  much  different  from  other  fuels  such  as  gasoline  and 
metlianoL  Although  hydrogen  would  leak  through  mechanical  fittings  at  a  higher  rate  than  other  fuels,  it  disperses  much  more  quickly  and  thus 
is  less  likely  to  form  a  flammable  mixture.  See  Joan  Ogden  and  Robert  Williams,  Solar  Hydrogen.,  .^^oving  Beyond  Fossil  Fuels  (Washington, 
DC:  World  Resources  Institute,  October  1989). 

^^OlennRambach,  Lawrence  Livermore  National  Laboratory,  personal  communication,  Jan,  26,  1994. 

^iCo.sldata  in  this  section  are  drawn  from  Ogden  et  a].,  Op.  cit..  footnote  17- 

delivered  cost  of  $  lO/GJ  for  hydrogen  has  a  gasoline  equivalent  price  of  $  1.30/gal.  Some  recent  WOfk  indicates  that  hydrogen  might  he 
produced  from  municipal  solid  waste  for  $6  to  $8/GJor78@  to$  1.04/gal  gasoline.  J.  Ray  Smith,  Lawrence  Livermore  National  Laboratory, 
personal  communication,  Apr.  25,  1994. 
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be  transported  and  delivered  to  the  consumer  by 
using  systems  similar  to  that  for  gasoline. 

The  components  of  a  hydrogen  energy  infra¬ 
structure  have  already  been  dc-’ eloped.  Technolo¬ 
gies  for  storing,  compressing,  and  transporting 
hydrogen  are  well  known  and  are  used  in  the 
chemical  industry.  The  present  hydrogen  distribu¬ 
tion  system  in  the  United  States  consists  of  a  few 
hundred  miles  of  industrial  pipeline  plus  fleets  of 
trucks  delivering  liquid  hydrogen  or  compressed 
hydrigrn  gas.  Although  about  1  EJ  of  hydrogen  is 
produced  in  the  United  States  per  year,  most  of 
this  is  produced  and  used  onsite  for  petroleum  re¬ 
fining  and  methanol  or  ammonia  production. 
Merchant  hydrogen  (hydrogen  that  is  distributed) 
amounts  to  only  about  0.5  percent  of  the  total  hy¬ 
drogen  produced  and  used. 

Ultimate]  y,  the  large-scale  use  of  rewable  hy¬ 
drogen  as  a  fuel  would  require  the  development  of 
much  larger  hydrogen  transmission  and  distribu  - 
tion  systems.  In  the  near  term,  hydrogen  is  likely 
to  be  produced  from  natural  gas,  which  is  present¬ 
ly  the  least  expensive  source.  There  are  several 
ways  in  which  the  existing  natural  gas  infrastruc¬ 
ture  could  be  used  to  bring  hydrogen  to  consum¬ 
ers.  First,  it  is  possible  to  produce  hydrogen  from 
steam  reforming  of  natural  gas.  even  on  a  relative¬ 
ly  small  scale.  Hydrogen  for  fleet  vehicles  might 
be  produced  onsite  by  using  small-scale  reform¬ 
ers.  Alternatively,  hydrogen  might  be  blended  at 
concentrations  up  to  15  to  20  percent  by  volume 
into  the  existing  natural  gas  system  and  removed 
at  the  point  of  use.  At  greater  than  15  to  20  percent 
concentrations  of  hydrogen,  changes  in  the  dis¬ 
tribution  and  retailing  systems  would  be  required 
because  of  the  differing  physical  characteristics  of 
hydrogen  compared  with  natural  gas.'^^ 


Another  option  for  onsite  hydrogen  production 
is  eletrolysis.  Here,  the  electricity  distribution 
system  couid  be  used  to  bring  offpeak  power  to 
electrolyzer  equipment.  Alternatively,  stand¬ 
alone  photovoltaic  (PV)  hydrogen  systems  could 
be  used  if  the  costs  of  PV-generated  electricity  de¬ 
cline  sufficiently  (chapter  5).  In  the  longer  term,  as 
the  demand  for  hydrogen  fuel  increased,  central 
hydrogen  production  plants  might  be  built,  with  a 
gaseous  pipeline  distribution  system  similar  to 
that  for  natural  gas. 

I  Electricity 

Electricity  may  be  one  of  the  principal  energy  car¬ 
riers  for  future  transportation  systems.  Electricity 
has  the  important  advantages  of  having  an  avail  - 
able  supply  infrastructure  (except  for  home  charg¬ 
ing  stations  )  that  is  adequate  now-if  recharging 
takes  place  at  night — to  fuel  several  million  ve¬ 
hicles  and  of  generating  no  vehicular  ah  emis¬ 
sions.^'^  The  latter  aiiribate  is  narticularlv 
attractive  to  regions  with  severe  ozone  problems. 
Also,  with  the  exception  of  some  electricity  im¬ 
ports  from  Canada, '  the  electricity  needed  to  run 
a  fleet  of  BPEVs  would  be  produced  domestically. 

Despite  virtuallly  zero  vehicular  emissions, 
electric  vehicles  will  have  air  pollution  impacts 
because  of  the  emissions  associated  with  electric¬ 
ity)  production.  These  impacts  will  vary  fror  re  - 
aion  to  region,  since  the  power  generation  fuel 
mix  varies  greatly  across  the  country.  California 
and  the  northeastern  United  States,  the  two  re- 
aions  with  the  most  serious  pollution  problems 
and  therefore  the  most  attractive  regions  for  elec¬ 
tric  vehicle  use.  have  different  fuel  r-nixes, 
California’s  power  is  generated  mostly  from  natu  - 


'''  Hi  hishor  pcrccnia^cs  ofhydroi!^:n  were  lo  be  used  in  p^K’linc^.  ^U'ps  wr^uid  liave  to  be  taken  lo  prevent  ■  embriitlcmeut"  problem^;.  Wltcn 
hydiopen  tlin\jNes  into  pipe  njoT.i!.  the  pipiTs  can  K'cnnte  brittle  and.  crack.  Fmbntticmcm  can  be  avoided  h>  chnnsin{:  piopei  pipe  matcriai^.  but 
Lit  j  cost.  C'ofii^rossittttal  Rcsciirvlt  Service,  op.  cii..  ?'oomoie 

^'■‘Over  the  shon  term,  evisiintx  basehtad  capacity  of  clcctnc  utilincN  slunild  be  adcvjtiato  to  tneet  the  denvand  undine  Irom  new  BPFA  >.  U 
elecinc  vehicles  capture  a  significant  share  of  the  automobile  market,  however,  electric  utilities  will  be  faced  \Mth  significant  load  management 
challenges.  Sec  ‘X'harcittg  lip  for  Klccltic  Vehicles."  i.PRi  .ffiunui}.  vol.  iS.  No  4,  June  p/J.V 
natural  gas  and  oil  inn'K'irts  may  al\o  be  used  to  generate  clcetrjcity 
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Genera!  Motor's  prototype  two-seat  electrtc  vehicle  (fiV).  the 
Impact,  combines  high  performance  (0  to  60  mph  in  8 
seconcfs)  with  high  £V  range  (over  100  rnifes  on  the  Federal 
Urban  Driving  Cycle). 

ral  gas,  nuclear,  and  hydropower,  whereas  the 
Northeast  depends  more  on  coal  In  comparison  to 
coal-generated  electric  power,  electricity  gener¬ 
ated  from  natural  gas  powerplants  can  reduce 
emissions  of  CO,,  sulfur  oxides,  and  nitrogen  ox¬ 
ides. 

Although  the  cost  of  electricity  ($17/GJ  at 
60/kWh)  appears  high  relative  to  gasoline  ($9/GJ 
or  $1,1 8/gal),  the  actual  fuel  costs  for  BPEVs  are 
likely  to  be  substantially  lower  than  for  gasoline 
vehicles.  This  savings  is  due  principally  to  the  ef¬ 
ficiency  advantage  of  electric  vehicles.  For  exam¬ 
ple,  a  typical  BPEV  might  consume  about  0.25 
kWh/mile.  At  60/kWh,  the  operating  fuel  cost  of 
the  BPEV  is  then  1.50mile.66  In  practice,  electric 
utilities  are  expected  to  offer  low,  offpeak  electric¬ 
ity  rates  (30  to  40/kWh)  to  consumers  for  night¬ 
time  recharging  of  BPEVs.  Thus,  a  typical  BPEV 
could  have  operating  fuel  costs  of  less  than 
1  -/mile.  In  comparison,  the  operating  fuel  cost  for 
the  two-seater  Honda  Civic  del  Sol  is  3.70/mile.'^^ 
The  initial  purchase  cost  of  BPEVs,  however,  may 
be  considerably  higher  than  conventional  vehicles 


(but  may  be  offset  by  lower  maintenance  costs  and 
longer  lifetimes  for  electric  vehicles;  see  discus¬ 
sion  below). 

With  BPEVs  running  on  renewable  electricity, 
it  would  be  possible  to  produce  and  use  energy 
with  very  low  emissions  of  criteria  air  pollutants 
and  CO,.  Electricity  can  be  produced  from  a  vari¬ 
ety  of  renewable  sources  such  as  biomass,  wind 
energy,  solar  energy,  and  hydropower.  As  dis¬ 
cussed  in  chapter  5,  the  cost  of  producing  electric¬ 
ity  in  a  “renewables-intensive  utility”  in  the 
post-2010  timeframe  may  be  comparable  to  that 
for  a  conventional  utility  (40  to  60/kWh).  The  pri¬ 
mary  technical  issues  involved  in  a  transition  to¬ 
ward  renewable  electricity-based  transportation 
are  the  development  of  renewable  electricity-gen¬ 
erating  technologies,  their  integration  into  a  util¬ 
ity  grid,  and  the  development  of  BPEVs  (see 
discussion  below)  and  their  recharging  systems. 

Where  and  when  recharging  takes  place  would 
influence  the  delivered  cost  of  electricity  for  trans¬ 
portation.  It  is  likely  that  many  electric  vehicles 
will  be  recharged  at  home  during  offpeak  (night¬ 
time)  hours.  In  this  case,  the  type  of  generating 
system  used  to  meet  offpeak  demand  will  deter¬ 
mine  the  cost  and  types  of  emissions. 

Another  option  for  electric  vehicle  recharging 
is  stand-alone  solar  PV  charging  that  would  oper¬ 
ate  while  a  car  was  parked,  for  example,  at  work  or 
at  a  commuter  station.  In  this  case,  some  battery 
storage  may  be  needed  at  the  PV  charging  station 
for  use  on  cloudy  days,  which  would  add  to  the 
cost  of  PV  electricity.  The  cost  of  electricity  from 
stand-alone  PV  recharging  stations  would  likely 
be  higher  than  the  cost  of  residential  electricity 
from  a  renewables-intensive  utility.  Stand-alone 
systems  might  be  used  in  settings  where  non-grid- 
connected  daytime  recharging  is  desirable  or 
home  charging  is  not  feasible. 


^The  California  Air  Rejjourccs  Board  projects  that  in  the  year  2000,  a  typical  electric  vehicle  will  consume  about  0.24  kWlVmilc.Thc  Gen¬ 
eral  Motors  Impact  electric  vehicle  uses  about  0.2  kWh/'mile.  See  California  Air  Resources  Board,  ‘Emission  Benefits  of  Electric  Vehicles  Rela¬ 
tive  (o  ULEVS,”  draft,  February  1994. 

6'^This  based  on  34  miles/gal  (city)  and  a  price  of  $  1.25/gal  for  gasoline.  Venkateswaran  and  Brogan,  Op.  cit.,  footnote  3. 
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I  Some  Nonrenewable  Competitors 

In  the  near  term,  fuels  that  are  derived  from  nonre¬ 
newable  sources  could  also  offer  environmental 
benefits.  Internal  combustion  engine  vehicles  that 
use  reformulated  gasoline  or  compressed  natural 
gas  are  likely  to  be  formidable  competitors  with 
renewable-based  ethanol,  methanol,  hydrogen,  or 
electricity  y.  This  is  primarily  because  reformulated 
gasoline  and  CNG  will  likely  be  substantially 
lower  in  cost  than  renewable  fuels  for  the  near  to 
mid-term. 

Reformulated  Gasoline 

Reformulated  gasoline  is  gasoline  that  has  been 
modified  to  have  lower  emissions  of  hydrocar¬ 
bons  (to  reduce  ozone  formation),  benzene,  heavy 
metals,  and  other  pollutants.  By  law,  reformulated 
gasoline  must  have  a  2-percent  oxygen  content  to 
ensure  compliance  with  regional  CO  standards.  It 
has  the  advantage  of  not  requiring  engine  modifi¬ 
cation  or  a  separate  fuel  infrastructure.  Thus,  re¬ 
formulated  gasoline  can  reduce  the  emissions  of 
cars  already  on  the  road. 

Reformulated  gasoline  was  first  proposed  as  an 
alternative  fuel  in  the  United  States  in  1989  in  re¬ 
sponse  to  the  growing  pressure  for  cleaner  burning 
fuels,  particularly  the  proposal  by  President  Bush 
to  require  the  sale  of  alternative  fuel  vehicles  in 
the  nine  most  polluted  U.S.  cities.^'^Subsequent- 
ly,  the  major  oil  and  automobilL;  companies  in  the 
United  States  initiated  a  jointly  funded  multimil¬ 
lion  dollar  study  to  analyze  the  emission  impacts 
of  various  reformulated  blends  (later  expanded  to 
include  methanol  and  CNG)  from  current  and  fu¬ 
ture  motor  vehicles.  Results  released  to  date  sug¬ 
gest  that  gasoline  reformulation  could  provide 
modest  to  fairly  significant  emission  benefits  (for 
criteria  air  pollutants  only;  there  would  be  virtual¬ 


ly  no  reduction  in  greenhouse  gases)  at  a  cost  of 
around  150/gal  more  than  conventional  gaso¬ 
line.'*'' 

Natural  Gas 

CNG  can  be  burned  in  internal  combustion  en¬ 
gines  with  minor  modifications  and  in  diesel  en¬ 
gines  with  more  substantial  modifications. 
Natural  gas  is  a  cleaner  fuel  than  gasoline,  with 
lower  emissions  of  most  pollutants.  A  dedicated 
CNG  vehicle  could  have  an  energy  efficiency 
about  10  percent  greater  than  a  gasoline  vehicle 
because  of  its  higher  octane  number.  Natural  gas 
ICEVs  have  a  much  shorter  driving  range  or  re¬ 
duced  trunk  space  than  gasoline-fueled  vehicles, 
however,  because  CNG’s  volumetric  energy 
density  is  much  lower  than  gasoline  (about  one- 
quarter  the  energy  density  of  gasoline  when  com¬ 
pressed  to  the  standai'd  pressure  of  3,500  psi). 

The  use  of  liquefied  natural  gas  (LNG)  could  in 
theory  overcome  this  range  limitation.  LNG  is 
natural  gas  that  has  been  liquefied  by  cooling  it  to 
-161  “C.  The  advantage  of  LNG  over  CNG  is  its 
energy  density — a  given  volume  of  LNG  provides 
about  three  times  the  vehicle  range  between  re¬ 
fueling  as  the  same  volume  of  CNG,  At  least  in 
the  near  term,  the  practical  difficulties  of  main¬ 
taining  these  low  temperatures,  along  with  the 
high  cost  of  containers  capable  of  storing  LNG, 
make  LNG  less  promising  as  a  fuel  for  light-duty 
vehicles.  Fleet  operators  of  heavy-duty  vehicles 
are,  however,  showing  increased  interest  in  LNG. 

Another  major  drawback  of  CNG  as  a  transport 
fuel  is  the  difficulty  of  transporting,  storing,  and 
delivering  it.  Because  the  refueling  and  storage 
systems  would  be  similar,  however,  CNG  vehicles 
might  provide  a  bridge  toward  the  eventual  use  of 
hydrogen,  a  fuel  that  ultimately  could  be  derived 


^^Considerable  interest  in  alternative  fuels  had  already  been  expressed  by  the  state  ot  California  and  industry  had  begun  responding  to  this 
interest  with  the  development  of  reformulated  gasoline. 

analyses  indicate  that  if  refonnulaied  fuels  were  used  in  conjunction  with  electrically  heated  catalysts  and  advanced  engine  coiUTol 
technologies,  CO  and  NO<  might  be  reduced  hy  a.s  much  as  50  percent.  The  emissions  benefits  would  be  much  more  lUOdeSt  withOUt  thcse 
vehicle  modifications.  See  the  series  of  technical  repcri.s  produced  by  the  Auto/Oil  Air  Qua]  ity  improvement  Research  Program  and  published 
by  the  Coordinating  Research  Council,  Atlanta,  Georgia,  from  1989  to  1993. 
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completely  from  renewable  sources.  At  present, 
no  analysis  has  been  undertaken  to  evaluate  the 
costs  and  benefits  of  such  a  transition  from  natural 
gas  to  hydrogen. 

One  current  incentive  for  switching  from  gaso¬ 
line  to  natural  gas  is  lower  fuel  cost,  but  this  incen¬ 
tive  is  likely  to  diminish  as  demand  for  natural  gas 
grows.  The  present  retail  price  of  CNG  from  do¬ 
mestic  sources  is  about  $7/GJ  (in  gasoline  equiva¬ 
lent  terms,  about  910/gal  without  taxes  or  roughly 
comparable  to  gasoline  when  taxes  are  included). 
CNG  vehicles  also  may  have  slightly  lower  main¬ 
tenance  costs  than  liquid  fuel  vehicles.  The  use  of 
CNG  in  gasoline  vehicles  requires  the  installation 
of  gas  cylinders,  high-pressure  piping,  and  ap¬ 
propriate  fittings  to  the  engine.  To  take  full  advan¬ 
tage  of  CNG,  the  compression  ratio  should  also  be 
raised  to  about  12  to  1.70  An  automobile  designed 
for  CNG  would  cost  about  $800  to  $1,000  more 
than  a  comparable  gasoline-fueled  vehicle,  due  in 
large  part  to  the  expensive  high-pressure  fuel  stor¬ 
age  equipment.  This  higher  upfront  cost  is  com¬ 
pensated  partially  by  lower  back-end  costs:  the 
storage  systems  probably  will  have  a  high  salvage 
value,  and  the  use  of  natural  gas  may  increase  the 
life  of  the  engine  and  hence  the  resale  value  of  the 
vehicle. 

Natural  gas  will  reduce  HC  emissions  that  con¬ 
tribute  to  urban  smog,  although  it  may  increase 
N  Ox  emissions  somewhat.^' If  natural  gas  ve¬ 
hicles  gain  greater  market  penetration,  they 
should  contribute  less  to  greenhouse  gases  than 
vehicles  using  petroleum-  or  coal-based  transport 
fuels  (see  table  4-1  ).  Although  natural  gas  pres¬ 


ents  some  special  handling  problems,  it  is  neither 
toxic  nor  corrosive,  unlike  methanol  and  gasoline. 

EMERGING  VEHICLE  TECHNOLOGIES 

Several  technological  options  for  improving  ve¬ 
hicle  energy  efficiency  and  emissions  are  now  be¬ 
ing  explored,  including  advanced  ICEV  designs 
and  the  use  of  new  fuels  in  ICEVs,  battery-pow¬ 
ered  electric  vehicles,  fuel  cell  electric  vehicles, 
and  hybrid  vehicles  (various  combinations  of  the 
above). 

Each  of  these  propulsion  system  options  could 
potentially  play  a  role  in  bringing  about  a  transi¬ 
tion  from  the  present  fossil  fuel  transportation  sys¬ 
tem  to  one  that  depends  primarily  on  renewable 
energy  resources. 

I  Advanced  ICEV  Designs 

At  present,  the  vast  majority  of  light-duty  vehicles 
on  the  road  use  gasoline-powered  internal  com¬ 
bustion  engines.  In  recent  decades,  federally  man¬ 
dated  fuel  efficiency  and  clean  air  requirements 
have  resulted  in  significant  refinements  of  con¬ 
ventional  internal  combustion  systems.^"  Several 
additional  advances  are  likely  to  be  introduced  in 
coming  years,  including  improved  vehicle  design 
and  alternative  fuels  such  as  reformulated  gaso¬ 
line,  compressed  natural  gas,  and  perhaps  ethanol 
or  methanol. 

Many  vehicle  characteristics  could  be  modified 
to  improve  vehicle  energy  efficiency  :73 

I  a  shift  to  lightweight  body  materials  such  as 
carbon  fiber  or  other  composites; 


'*^R.  Moreno.  Jr.,  and  Xy.B'AxXt'^,  Alternative  Transport  Fuels  from  Natural  Gas,  World  Bank  Technical  Paper  No.  98,  Industry  and  Energy 
Series  (Washington,  DC:  World  Bank,  1989),  p.  7. 

7 1  CNG  vehicles  can  emit  less  carbon  monoxide  (perhaps  ,30  to  50  percent  less)  than  gasoline  or  methanol  vehicles,  because  CNG  mixes 
better  with  air  than  do  liquid  fuels,  and  it  does  not  have  to  be  enriched  (as  much)  for  engine  startup.  The  magnitude  of  CO  reduction  (and,  per¬ 
haps,  whether  there  is  any  reduction  at  all)  will  be  detemiined  by  NO^  control:  if  the  engine  has  to  be  nm  slightly  rich  to  control  NOx.  there  will 
be  liule  or  no  reduction  in  CO;  if  it  can  be  run  slightly  lean,  there  will  be  a  reduction. 

Since  1 97 g.  fuel  economy  spccincaiions  have  been  dictated  principally  by  federal  Corporate  Average  Fuel  Economy  (CAFE)  require¬ 
ments.  CAFE  standards  have  been  met  by  decreasing  vehicle  drag  and  weight,  reducing  engine  size,  and  introducing  fuel  injection  and  other 
energy-efficient  technologies. 

^•^Tlus  material  drawn  from  and  discussed  in  OfUcc  of  Technology  Assessment,  Op.  cit.,  fOOtnOte  1 4. 
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a  reduction  in  the  vehicle  aerodynamic  drag  co¬ 
efficient; 

•  high-pressure,  low-rolling-resistance  tires; 

■  an  advanced  super-efficient  engine  with  four  or 
more  valves  per  cylinder,  adjustable  valve  lift 
and  timing,  and  other  low-friction  or  lean-burn 
measures;  an  advanced  two-stroke  engine;  or 
advanced  diesel; 

■  extensive  use  of  aluminum  and  other  light¬ 
weight  materials  in  the  vehicle  suspension  and 
other  components  (e.g,,  brake  rotors  and  cali¬ 
pers,  sway  bars,  wheels); 

■  advanced  transmissions  (e.g.,  a  five-  or  six- 
speed  automatic);  and 

"  automatic  engine  turnoff  at  stops. 

General  Motors’  new  Ultralite  prototype  dem¬ 
onstrates  both  the  potential  and  some  of  the  limita¬ 
tions  associated  with  a  radical  redesign  of  today’s 
automobile.  The  Ultralite  weighs  1,400  pounds 
(630  kg)  despite  being  comparable  in  interior  vol¬ 
ume  to  a  3,000-pound  (1,360-kg)  Chevrolet  Cor¬ 
sica;  is  powered  by  a  1.5-liter,  three-cylinder, 
two-stroke  engine  that  weighs  173  pounds  (78  kg) 
yet  generates  111  horsepower  at  5,000  revolutions 
per  minute  (rpm);  has  a  drag  coefficient  of  only 
0.19;  and  rolls  on  high-pressure,  low-resistance 
tires  that  need  no  spare  because  they  are  self-seal¬ 
ing.  Although  its  fuel  economy  at  50  mph  (80  km 
per  hour)  is  100  mpg  (42  km/liter),  the  Ultralite’" 
Environmental  Protection  Agency  (EPA)  fuel 
economy  rating  is  only  56  mpg  (24  km/liter),  or 
about  48  mpg  (20  km/liter)  when  adjusted  for  on¬ 
road  conditions.  Given  the  sports-car-like  per¬ 
formance  characteristics  of  the  vehicle  (zero  to  60 
mph  in  7.8  seconds),  this  fuel  efficiency  is  quite 
exceptional.  Regardless,  vehicle  size  and  perfor¬ 
mance  generally  require  tradeoffs  with  efficiency. 


Vehicle  energy  efficiency  might  also  be 
constrained  by  existing  or  new  emissions  and 
safety  requirements.  The  need  to  meet  certain 
emissions  levels  could  affect  engine  performance 
specifications,  while  safety  standards  affect  a 

number  of  design  parameters  including  choice  of 
materials.^^If  tractive  loads  (e.g.,  vehicle  mass, 

aerodynamic  drag,  tire  rolling  resistance)  can  be 
safely  reduced,  however,  engine  power  require¬ 
ments  will  decline,  potentially  leading  to  a  corre¬ 
sponding  decrease  in  engine  emissions.  In  this 
sense,  there  is  a  technical  synergy  between  energy 
e.'ficiency  and  emissions  objectives. 

To  meet  the  new  emissions  standards  of  the 
amended  Clean  Air  Act  (see  table  4-3),  vehicles  in 
the  year  2000  will  likely  require  onboard  refueling 
controls,  improved  fuel  metering  and  ignition,  a 
larger  or  additional  catalytic  converter  with  elec¬ 
tric  heating  to  reduce  cold-start  emissions,  and  a 
larger  evaporative-emissions  canister.  If  the  strict¬ 
er  “’Tier  2“  standards  are  imposed  by  EPA,  the  cost 
of  vehicle  modifications  may  range  from  $200 
(California  Air  Resources  Board  estimate)  to 
$600  (Sierra  Research  Institute  estimate)  up  to 
$1,000  (estimate  of  automobile  manufacturers) 
per  vehicle.^*^ 

To  meet  the  ultra-low  emissions  vehicle 
(ULEV)  standards  established  by  the  California 
Air  Resources  Board,  gasoline  vehicles  may  have 
to  use  dual  oxyge:.  sensors,  adaptive  transient 
control,  sequential  fuel  injection,  improved  fuel 
preparation,  improved  washcoats  on  catalytic 
converters,  more  catalyst  material  (mainly  palla¬ 
dium),  double-wall  exhaust  pipes,  air  injection, 
and  either  electrically  heated  catalysts  or  close- 
coupled  catalysts.  These  additions  and  modifica¬ 
tions  could  increase  vehicle  cost  beyond  what 
would  be  required  to  meet  federal  standards 


■'SDcncral  Motors  Co.,  brochure,  n.d. 

safety  implicuiions  of  vehicles  that  use  advanced  lightweight  materials  have  not  yet  boon  fu:l>  explored. 

■'(>-I-hecnslof  federal  Tier  I  standards  could  ‘ro®  $>50  to  $275  jier  vehicle.  See  Sierra  Research.  Ittc,  and  Charles  River 

Associates,  "The  Cost-Effectiveness  of  Further  Regulating  Mobile  Soiuxe  Emissions.”  Report  No.  $R94-O2-04.Feb.  28,  1994. 

”The  Cal  ifomia  Air  Re.sources  Board  estimates 'he  nf  meeting  UI.EV  requirements  would  tx-  about  S2iXi  ftcr  vehicle  (above  and 
beyond  the  cost  of  meeting  federal  Tier  I  requirements).  Sierra  Research  estimates  that  the  cost  could  exceed  $  1.300.  Ibid, 
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TABLE  4-3:  Emissions  Standards  for  Light-Duty  Motor  Vehicles  (grams/mile) 


Emissions  standard 


Federai  Federai 


Pollutant 

Federal 

1993 

standard 

CAAA, 

Tier  1 

1994  MY 

CAAA, 

Tier  2 
(if  needed) 

CARB 

TLEV 

1994  MY 

CARB 

LEV 

1997  MY 

CARB 
ULEV 
1997  MY 

HC 

0.41 

0.25 

0,125 

0.125 

0  0/5 

0.040 

CO 

3.40 

3.40 

1  70 

3.40 

3  40 

1.70 

NOx 

1.00 

0.40 

0,20 

0.40 

0.20 

0.20 

K?-Y  CAAA  Clean  Air  Act  Amendments  o\  1990.  CARS  ---  Cahtornia  Air  Resources  Boarcj;  HC  hydrocarbons  (Calitornrri  regulates  normelhane 
organic  gases,  nor  hydrocarbons).  LBV  --  low-ern:ssions  vehicle.  MY  ~  mcdeiyear.  Tl£V  -  Irarsrtionai  ;C/vv-e.miSSior--s  vehicle.  ULEV  -  uitra-lowerms- 
srons  vehtcie. 

SOURCES:  S.C.  Oavis  and  S.G.  Strang,  Transportatton  Energy  Data  Book:  EOttion  13.  ORNL-6743  {OaK  R*dge.  TN  Oak  fLdge  Natronaf  Labcralory, 
March  *993):  andSierra  Research.  Inc  and  Charles  R-ver  Associates,  T.he  Cost-Effectiveness  of  funner  RogutatingMobife  Source  Errvs'sjoni,.  Report 
No  SR94-02-04  (Sacramento  CA  February  1994) 


The  effectiveness  of  proposed  emissions  com 
trol  equipment  for  gasoline  ICEVs  is  still  not  well 
known.  It  is  not  clear  how  far  gasoline  ICEV 
technology  can  be  pushed  to  reduce  emissions.  In 
lowering  emissions  to  meet  future  standards, 
however,  ICEVs  will  likely  become  somewhat 
more  complex  and  costly. 

I  Alternative  Fuels  in  ICEVs: 

A  Comparative  Analysis 

Conventional  and  advanced  ICEV  designs  can 
take  advantage  of  a  number  of  different  alternative 
fuels,  such  as  reformulated  gasoline,  compressed 
natural  gas,  ethanol,  methanol,  and  hydrogen. 
Ethanol,  methanol,  and  natural  gas  vehicles  are 
commercially  available  today,  although  in  limited 
quantities.  Demonstration  hydrogen  ICEVs  have 
been  built  by  Daimler-Benz,  BMW,  and  Mazda 
and  have  been  tested  in  small  fleets. 

Although  it  is  difficult  to  project  costs  for 
technologies  and  fuels  that  have  not  reached  large- 
scale  production,  it  is  nonetheless  instructive  to 
estimate  these  costs.  The  findings  of  one  such 


analysis  are  presented  here.  This  analysis 
compares  the  operating  costs  of  different  alterna¬ 
tive  fuels  that  are  used  in  ICEVs.^’' 

The  reference  gasoline  vehicle  is  a  year-2000 
version  of  the  1990  Ford  Taurus  (26  mpg).  The 
other  vehicles  are  “built”  hypothetically  from  this 
baseline  vehicle.  The  travel  range  of  these  ICEVs 
varies  from  a  high  of  about  600  km  (370  miles)  for 
the  gasoline  vehicle  to  320  km  (200  miles)  for  the 
compressed  hydrogen  gas  vehicle.  The  volumet¬ 
ric  energy  density  of  methanol  is  roughly  half  that 
of  gasoline  but  can  be  partially  compensated  by  a 
larger  fuel  storage  volume  and  the  greater  fuel 
economy  (through  higher  compression  ratio) 
achievable  with  methanol.  The  net  result  is  a 
20-percent  lower  range  (485  km,  300  miles)  for 
the  methanol  vehicle  relative  to  gasoline.  The 
range  for  the  ethanol  vehicle  (565  km,  350  miles) 
is  greater  than  for  methanol  because  ethanol  has 
an  energy  density  about  25  percent  greater  than 
methanol.  The  CNG  range  is  assumed  to  be  less 
than  that  of  the  methanol  vehicle  because  CNG  at 
3,000  psi  has  roughly  half  the  energy  density  of 
methanol. 


7jiThc  reader  should  not  view  this  analysis  as  an  attempt  at  a  definitive  cost  projection,  but  ratlier  as  a  scenario  analysis — an  “if-theii”  state¬ 
ment.  The  analysis  was  perfonned  by  and  detailed  in  Odgenet  al„  op.  cit.,  footnote  17. 
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TABLE  4-4;  Analysis  of  Baseline  Cost  Results  for  ICEV  Systems  (1991  dollars)^ 


Item 

Gasoline 

MeOH 

EtOH 

CNG 

Liquid 

Hz 

Hydride 

Hz 

Compressed 

Hz 

Fuel  retail  price,  exc’utl- 
;rig  ta.xes  (S'gai gaso- 
hne  equivalent^' 

1  18 

185 

152 

0.96 

363 

1.54 

1  79 

Fu;j  retail  price  of  veriicle 
inciuoing  taxes  ($)^" 

18,000 

17900 

17,900 

19,500 

20,200 

24,200 

24550 

L6ve::zed  annual  niainte- 
nance  cost  {$/year) 

396 

392 

392 

370 

392 

392 

392 

Total  life-cycle  cost^-^ 

(C/krni 

21 

223 

214 

205 

263 

244 

246 

Break-even  gasolene 
price  (S/gal)- 

n.a. 

204 

1  64 

1  26 

369 

291 

297 

e  cost  cf;!!  mates  for  the  y-3sc-!i  ne  ICEV  are  led  i  n  M  A  De  Lt^ch;  Hydrogen  FaeJCeilVfihicJes  UC  D-  ITS-RR-92-  1 4  (Oavts  CA  I  of  Trans- 

poda-icir!  Stales  University  of  Cal  lorraal  D-riv*s  September  1992)  The  cost  estimates  for  rhRaitnrr:3t:Vf-!-f'.;e’>r:f  Vs  are  based  primarily  or  data 
si.rv:vjr:vRf.l  :n  D  A  Spe^^'nc  ;3f -d  M  A  De  :.;;r;hi  Airetfn^iffvfi  TrsnspOftiWOn  f’t/eLs  a.ndAJr  Pollutfon.  report  to  the  OECD  Frivironmen)  DiffiCtnniin  [Pans 
-ranee  Ofpani^otion  for  Economic  Cooperation  and  Development  March  1991) 

^-Dollars  per  gasoline-equivalent  pn'Iomscaie^Jatedas  ihe  price  of  the  futrto  the  motor^sl  (dollars  per  miihOf.Bii;),  exc/ud/r?g  (ederai  state  and  iooei 
taxes  (31  ccyiimthe  UrUed  States;  rn-jltipiied  by  O  125  m.f.or.Bijgal  of  gascvine  Note  that  this  gosoime  equivalence  isdel.nedin  terms  of  energy 
delivered  10  the  veh  ir^ie  and  hence  does  rwt  account  for  the  eff'cercy  with  which  the  volu'-ie  uses  that  energy  The  estimate  of  the  cost  of  gasc  ;ne 
assumes  a  world  01 1  price  rposi  2000  iimefrarTv:-)  of  $2640,  per  barrel  and  reformulated  gasoline  of  1 5c 'get  more  than  conventional  qaso'ine 
M  ncl  Lidi  ng  sales  tax  dr>nir'r  costs  and  sh  i  ppmg  costs 
-in^  j'v.TlefUedera!  state  and  icn.altaxes  of  O  /6c  km  fOr  ail  veh  -cles 

The  rftfni'  price  of  gasoii  ne  ( i  ncl  i.di  ng  ferlera  I  and  state  taxest  n  the  U  niferj  States)  at  which  theife-cyr-e  consumer  cost  perkiiomefer  of  theaiterra- 
t  ive  fiii-i  vehicle  would  equal  that  of  iheg-asc  tre  veh'Cie 
KEY  LfOr-U>ihano'Me('>H  methanol  n  a  rnt  applicable 

SOURCE  .firin  M  Odgenf.'f  al  A  lenrincni  and  Economic  Assessment  of  Renewable  Transports!  or-  Fuels  and  Technologies  '  report  prepared  for 
the  Off  Ice  of  Technology  As-nf-.f.merl  May  1994 


The  lifetimes  for  all  vehicles  are  assumed  to  be 
the  same,  except  for  the  CNG  vehicle.  A  CNG  ve¬ 
hicle’s  lifetime  is  assumed  to  be  slightly  longer 
than  that  of  a  gasoline  vehicle  because  some  evi¬ 
dence  suggests  that  CNG  might  cause  Jess 

,  ^  79  The  weights  of  riqruid- 

wear  than  gasoline. 

fueled  vehicles  (gasoline,  methanol,  ethanol,  and 
liquid  HJ  are  all  comparable — about  1,400  kg 
(3,000  pounds).  The  gas-fueled  vehicles  (CNG 
and  compressed  H')  arc  somewhat  heavier  be¬ 
cause  of  the  weight  of  compressed  gas  cylinders. 
The  drag  coefficients  arc  assumed  to  be  the  same 
for  all  vehicles  except  the  hydrogen-fueled  sys¬ 
tem.  The  very  low  energy  storage  density  of  the 


latter  demands  a  more  streamlined  design  in  order 
to  achieve  a  reasonably  acceptable  drivi..^  range. 
Because  their  engines  would  have  higher  com¬ 
pression  ratios,  the  fuel  efficiencies  of  the  metha¬ 
nol,  ethanol,  CNG,  and  hydrogen  vehicles  would 
be  higher  than  that  of  the  gasoline  vehicle  (about  7 
percent  higher  for  CNG  and  15  percent  higher  for 
methanol,  ethanol,  and  hydrogen). 

Table  4-4  shows  the  projected  retail  vehicle 
price,  fuel  price,  and  total  life-cycle  costs  per  kilo¬ 
meter  for  the  ICEV-fuel  combinations  considered 
here.  The  retail  fuel  prices  correspond  to  those 
shown  in  table  4-2.  The  ethanol,  methanol,  and 
hydrogen  fuel  costs  assume  production  from  bio- 


-TIk'  rcliUioiiship  bciwccn  engine  Ilfctnnc  unci  vehicle  lifciimc,  hPwevep  is  complex. 
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mass,  although  it  is  unlikely  that  large  quantities 
of  fuel  from  biomass  will  be  available  before2010 
under  current  policy.  The  full  retail  prices  of  all 
liquid-fueled  ICEVs  are  comparable.  The  CNG 
vehicle  cost  is  about  $1,500  higher.  The  hydrogen 
ICEV  (compressed  gas  or  hydride  storage)  is 
about  $6,000  higher.  The  hydrogen  and  CNG  ve¬ 
hicles  are  more  costly  principally  because  of  the 
relatively  expensive  storage  equipment  involved. 

Ownership  and  operating  costs  can  be  com¬ 
bined  and  expressed  as  a  total  cost  per  kilometer 
over  the  life  of  a  vehicle  by  amortizing  the  initial 
cost  at  an  appropriate  interest  rate,  adjusting  for 
salvage  values  and  vehicle  life,  and  adding  period¬ 
ic  costs  such  as  maintenance,  fuel,  insurance,  and 
registration.  Table  4-4  projects  this  total  levelized 
life-cycle  cost  per  kilometer  of  travel  for  each  fuel 
category.  (Externality  costs,  such  as  the  costs  of 
emissions,  are  not  included  in  this  analysis.)  The 
baseline  gasoline  vehicle  costs  21  0/km.  Among 
ICEVs,  the  CNG  vehicle  has  a  slightly  lower  cost, 
whereas  ethanol  and  methanol  have  slightly  high¬ 
er  costs.  The  hydrogen  ICEV  would  be  the  most 
expensive,  at  17  to  25  percent  higher  than  the  gas¬ 
oline  ICEV. 

In  addition,  table  4-4  provides  life-cycle  costs 
in  terms  of  the  break-even  gasoline  price.  This  is 
the  retail  price  of  gasoline  (including  taxes)  at 
which  the  life-cycle  cost  per  kilometer  for  the 
gasoline  ICEV  would  be  the  same  as  that  for  the 
alternative  vehicle  under  consideration.  The 
break-even  price  ranges  from  $1  .30/gal 
($9.86/GJ)  for  the  CNG  vehicle  to  about  $2/gal 


($15/GJ)  for  the  methanol  vehicle  and  nearly 
$3/gai  ($23/GJ)  for  the  compressed  H.vehi  cl  e. 

Again,  many  of  the  important  cost  parameters 
are  very  uncertain,  particularly  the  costs  of  deliv¬ 
ered  fuel  from  biomass  (or  fossil  fuels),  some  fuel 
storage  technologies  (e.g.,  hydrogen  storage),  and 
some  vehicle  technologies.  A  sensitivity  analysis 
of  the  basic  assumptions  use’d  in  these  calculations 
indicates  that  if  one  of  several  important  cost  pa¬ 
rameters  is  overly  optimistic,  the  life-cycle  cost 
and  break-even  gasoline  price  could  increase  sub¬ 
stantially. 

I  Battery-Powered  Electric  Vehicles 

Interest  in  electric  vehicles  has  surged  and  ebbed 
several  times  during  this  century.  In  the  past  few 
years,  there  has  been  increasing  awareness  of  the 
potential  for  advanced  BPEVs  to  provide  sub¬ 
stantial  air  quality  and  petroleum  conservation 
benefits.  A  cost-effective,  high-performance  bat¬ 
tery-powered  electric  vehicle,  recharged  quickly 
by  solar  or  biomass-derived  power,  would  be  an 
attractive  transportation  option. 

At  present,  however,  no  existing  battery 
technology  would  allow  a  pure  BPEV  to  be  com¬ 
petitive  with  petroleum-based  vehicles.  The  ener¬ 
gy  densities  of  all  battery  systems  available  even 
in  prototype  form  today  ai*e  on  the  order  of  100 
times  lower  than  those  of  gasoline.^'  This  means 
that  a  given  amount  of  gasoline  contains  enough 
energy  to  propel  a  car  much  further  than  the  same 
weight  or  volume  of  batteries.  The  greater  effi- 


^^Odgen  ei  aL.  op.  cit.,  footnote  1 7. 

« 'The  energy  density  of  gasoline  is  34(Himcs  greater  than  that  of  a  lead-acid  battery  system  per  unit  of  weight  and  120  times  greater  per  unit 
of  volume  (energy  density  for  gasoline=  12,000  W^h/kg;  and  for  lead-acid  batteries  35  Wh,'kg).For  an  electric  vehicle  (BV)  powered  by  lead-acid 
batteries  to  have  a  300-mile  (480  km)  range  (assuming  the  EV  uses  0.24  kWh/ruile).  more  than  4,500  pounds  (2,000  kg)  of  lead-acid  batteries 
would  be  required.  If  the  projected  energy  densities  of  some  advanced  batteries  can  actually  be  acliieved,  however,  this  weight  figure  could  be 
reduced  by  a  factor  of  three  or  four  (e.g.,  litlnum  polymer  battery).  It  should  also  be  noted  that  specific  energy  ( wait -hour-s  per  kilogram)  (ends  to 
have  an  inverse  relationship  to  specific  power  (power  density  determines  top  speed  and  acceleration).  Thus,  it  is  not  now  possible  to  maximize  a 
battery’s  energy  and  its  power  simultaneously,  a  limitation  that  may  require  an  EV  (o  have  two  power  sources  to  achieve  acceptable  range  and 
acceleration  (e.g.,  either  two  batteries  or  a  battery  and  an  uliracapacitor).See  “Tlte  Great  Batteiy  Barrier,”  IEEE  Spectrum,  November  1992,  pp. 
97-101. 
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ciency  of  an  electric  drivetrain  compared  with  an 
ICE  drivetrain  compensates  only  partially  for  this 
energy  density  disparity‘'‘(see  figure  4-3). 

Batteries  are  also  expensive,  and  thus  battery 
characteristics  are  the  principal  determinants  of 
both  the  initial  and  the  life-cycle  operating  costs 
(total  cost  per  mile)  of  BPEVs.  These  costs  maybe 
offset  somewhat  by  the  relatively  high  efficiency 
of  electric  drivetrains.  In  addition,  some  analyses 
of  BPEVs  assume  that  the  use  of  an  electric  drive- 
train  will  result  in  lower  maintenance  costs  and 
longer  vehicle  life.’^^If  true,  BPEV  life-cycle 
costs  would  decrease  ^urther,  perhaps  allowing 
them  to  become  economically  competitive  with 
ICEVs.*^  There  is,  however,  much  uncertainty  re¬ 
garding  these  assumptions.  For  example,  because 
of  battery  life  limitations,  particularly  in  frequent¬ 
ly  cycled  systems,  electric  vehicle  maintenance 
and  battery  replacement  costs  may  turn  out  to  be 
higher  than  currently  assumed. 

Mass  production  may  bring  down  battery  costs, 
but  many  of  the  more  advanced  batteries  under  de¬ 


velopment  incorporate  expensive  materials,  as 
well  as  sophisticated  engineering  techniques  in 
their  construction.  Lead-acid  batteries  for  the  ex¬ 
perimental  electric  vehicle  that  General  Motors 
expects  to  produce  are  likely  to  cost  at  least  $2,000 
and  last  for  15,000  miles  (24,000  km),  probably 
less  that  two  years.  “This  would  mean  spending 
more  than  $12,000  on  batteries  over  a 
100,000-mile  (  160,000-km)  vehicle  life.  The 
nickel-iron  battery  packs  for  the  Chrysler  electric 
nmivan  (the  TEVan)  cost  more  than  $6,000  but 
are  projected  to  last  up  to  75,000  miles  (120.000 
km) The  nickel-metal  hydride  battery  under  de¬ 
velopment  by  Ovonic  Battery  is  projected  to  cost 
$5,000,  with  a  life  of  more  than  100.000  miles 
(160,000  km)." 

The  principal  R&D  challenge  for  BPEVs  is  to 
develop  a  battery  that  has  high  energy  density  for 
range,  high  power  density  for  acceleration  perfor¬ 
mance,  reasonable  longevity,  and  low  cost^^^and 
is  quickly  rechai'geable,"safe,  and  readily  recy  - 


her  advances  such  av  regenerative  braking  (electric  motors  on  tlie  wheels  are  useiho  recover  braking  energy)  will  further  improve 
electric  drivetrain  efficiency.  It  should  be  pointed  out,  though,  that  the  actual  in-use  efficiency  of  electric  drivetrains  has  some  ureas  of  uncertain¬ 
ty.  Thus  far,  tliere  has  been  little  real-world  testing.  The  greatest  uncertainty  is  battery  cycle  efficiency,  which  could  vaiy  anywhere  from  60  to  90 
percent.  “Smart”  charging  could  help  ensure  high  battery  efficiencies.  See  “’Batteries  Charged  Quickly.  Electric  Tnick  Set\  Record,”  S-eu  Yfirk 
Times.  Feb.  16,  1994,  p.  D2, 

^^See.c.‘j.,M.  Oclucchi,  Institute  of  Transportation  Smdies,  University  of  C.'alifomia-Davis,  “Hydrogen  Fuel-Cell  VehicleV”  Sept.  I,  1992. 

^"^Becauseof  the  energy  de/i.viiy  limitations  of  current  battery  technology,  however,  BPF'V^  would  probably  not  be  compoliioe  in  lerm.sot 
range;  they  could  have  acceleration  characteristics  comparable  to  ICHVs 

recently  announced  improved  lead-acid  battery  design  could  greatly  extend  battery  life.  Electrosouree.  Inc.has  dev  elotx'd  a  lead-acid 
battery  that  uses  a  “woven  lead  mesh”  instead  of  heavy  lead  plates.  A  lead  wire  grid  is  wrapped  aiound  a  fiberglass  core.  'Ibis  construction 
apparently  enables  the  battery  to  withstand  more  charge-d  if  charge  cycles.  F.Iectro.source  bt^.licves  that  tlie  batteiy  might  be  able  to  last  about 
80,000  miles  (  130,000  km),  but  this  has  not  been  demonstrated.  The  battery  is  currently  bcitjg  tested  by  Argonne  National  Laboratory.  See 
“Producing  the  Near-Temi  EV  Battery,”  liPfiJ  Journal,  April/May  1994,  pp.  6-13. 

^^Chrysler  Corp.,  brochure.  May  1992. 

®'Tlie  potentially*^*^”  th^nsckel -metal  hydride  battery  has  not  yet  been  demonstrated.  Venkatesw  aran  :uid Brogan. op. cit.. 

footnote  3. 

^^Tbcrnid-ierm  cost  goal  of  the  Department  of  Energy-U.S.  Advanced  Battery  Consortium  R&D  program  is  S  l^tlkWh.'TVus  implies  a  cost 
of  $6,000  for  a  40-kWh  battery  pack  for  a  typical  electric  vehicle.  Achievement  of  these  cost  goals  can  be  \  al  idated  only  in  pilot  production, 
which  is  still  several  years  away.  Ibid. 

“quick”  recharge  sv^^tcni  (c.g.,  [5  minutes)  could  be  quite  costly  because  of  the  requirement  for  a  high  energy  input  in  a  short  Period  of 
time.  One  recently  announced  quick  recharge  .system  requires  about  440  volts  and  160  amperes,  which  is  currently  not  av  ailablc  to  homos  or 
marry  businesses.  Such  a  recharge  requirement  raises  a  number  of  peak  capacity  and  infrastructure  issues.  See  Roberta  Nlchols.”Tho  United 
States  Advanced  Battery  Consortium:  Making  Longer  Life  Batteries  Affordable.”  in  ProrccJini'soJ  the  Inurnationol  Confcrcm  c on  the  I’rhan 
Electric  Vehicle  (Stockholm,  Sweden:  Organization  fof  Economic  Cooperation  and  Development,  May  1992),  pp.  347-35d 


FIGURE  4-3:  Drivetrain  Efficiencies 
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I  TABLE  4-5:  Technical  Objectives  of  the  U.S.  Advanced  Battery  Consortium^  I 

Mid-term 

Long-term 

Specific  energy  (Wh/kg) 

100t> 

>200 

Energy  density  (Wh/liter) 

135 

>300 

specific  power  (W/kg) 

150 

>400 

Power  densit>^  (W.f’iiter) 

250 

>600 

Ufe  (years) 

5 

U) 

L.de  (cycles  to  80%  discharge) 

600 

1 ,000 

Cos!  ($/kWh) 

<$150- 

<$i00 

Operating  temperature  range  (  'C) 

-30  to  65 

-40  to  85 

Recharge  time  (hours) 

6 

3 

® ot tho d3i?efy tec;hroiog*es betng pursjed  include n:ckei*mela! hydnde.  nrhiurn poiyni&r  n:cke:*?:nc  nicke-'tfon. 
Zint'  -fUr.  hfhH;m-'.ron  disuifide.  3rrJ  sodiurn-^tjifur 

Current  iftao-acid  batteries  have  a  specific  energy  dei  <s;ly  of  35  to  45  Wtv'kg 

Agoai  of  $1 50/kWh  imoiies  a  cos!  of  $6,000  lor  a  40>kVVh  bariery  pack  for  a  typical  electric  vehicle  II  the  typicai  eiectnc 
vehicle  consumes  0  7  kWh/rruie.  then  a  40-kWh  battery  pack  would  provirJe  a  range  ol  200  rrnies  {320  km). 

SOURCE  U  S  Advanced  Battery  Consortium 


clable.  No  battery  yet  exists  that  meets  all  these 
criteria.  As  a  consequence,  the  federal  govern¬ 
ment  is  leading  a  public-private  sector  consortium 
to  address  fundamental  battery  technology  barri¬ 
ers.  Table  4-5  lists  the  technical  objectives  of  the 
Department  of  Energy  -U.S.  Advanced  Battery 
Consortium. 

Motors  and  control  systems  have  improved 
greatly  in  recent  years  with  advances  in  materials 
tec  nology  and  power  electronics,'"  so  that  the 
energy  efficiencies  of  *  ny  electric  drivetrain 
components  are  well  over  90  percent.  Total  effi¬ 
ciency  is  much  less,  however,  when  components 
must  be  used  together.  Therefore  an  R&D  pro¬ 
gram  must  include  components  and  systems  in¬ 
tegration. 


As  discussed  earlier,  electric  vehicles  have  es- 
sent  i  ally  no  direct  emissions  and  therefore  may  al¬ 
leviate  urban  air  quality  problems.  Widespread 
use  of  BPEVs  could  greatly  reduce  CO  and  hydro¬ 
carbon  emissions  in  particular.  The  overall  con¬ 
tribution  to  pollution  depends  on  the  nature  of  the 
electricity  generation  process.  Electricity  gener¬ 
ated  from  a  coal-fired  powerplant  will  contribute 
significantly  to  local  and  global  pollution  "If  ve¬ 
hicles  were  powered  by  electricity  from  luiiew- 
able  energy  sources,  however,  both  CO,  an  ’ 
criteria  pollutant  air  emissions  could  be  largely 
eliminated.  In  any  case,  electric  vehicles  may  con¬ 
tribute  less  to  urban  air  pollution  since  power- 
plants  are  frequently  located  outside  urban  areas. 


'^’For  example,  advances  in  microelectronic  havere.sulfedin  low-cos [,  lightweight  direct  current  (de)  to  alternating  current  (ac) inverters, 
which  make  it  attractive  to  use  ac  (or  brushless  del  rather  than  conventional  dc  motors.  With  tlie  improved  inverters  the  entire  ac  system  is 
cheaper,  more  compact,  more  reliable,  easier  to  maintain,  more  efficient,  and  more  adaptable  to  regenerative  braking  than  the  dc  systems  used  in 
virtually  all  HPFV's  (o  date,  Ogden  et  al.,  op.  cit,,  footnote  17. 

should  also  be  pointed oulihal  upstream  emissions  associated  with  gasoline  refining  can  be  considerable.  For  example,  emissions  of 
VOCs  associated  with  gasoline  production  are  much  greater  tlian  those  associated  with  electricity  production  for  FA' s.  See  M.A.  Dcluccbi, 
“Emissions  from  the  Production,  Storage,  and  Transport  of  Crude  Oil  and  Gasoline,”  Journal  of  the  Air  (jrui  Waste  Manage  me  m  Association, 
\0I.43,  1993,  pp.  1486-  1495:  and  Q.  Wang  et  al..  “F.missions  Impacts  of  Electric  Vehicles,”  Journal  of  the  Air  aruIWci\te  .Uanctf'cmcni  A\U)na- 
non.  vol.  40. 1 990,  pp.  )  275- J  284. 
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Battery-powered  electric  vehicles  may  pose  an 
environmental  hazard  unique  among  the  alterna¬ 
tive  fuels.  The  batteries  required  by  electric  ve¬ 
hicles  typically  have  short  lifetimes  and  may 
present  a  disposal  problem.  The  battery  technolo¬ 
gies  under  development  also  require  special  dis¬ 
posal  procedures  for  production  wastes  as  well  as 
for  spent  batteries.  Battery  recycling  and  disposal 
issues  have  been  incorporated  into  the  program 
objectives  of  the  U.S.  Advanced  Battery  Consor¬ 
tium. 

I  Fuel  Cell  Vehicles 

Among  the  many  propulsion  systems  in  existence 
or  under  development,  fuel  cell-powered  vehicles 
could  perhaps  take  the  most  advantage  of  a  well  - 
developed  renewable  fuel  supply.  Spurred  in  part 
by  the  emerging  market  for  zero-emission  ve¬ 
hicles,  and  partly  by  recent  advances  in  fuel  cell 
technology,  fuel  ceil-powered  vehicles  have  been 
the  subject  of  growing  at  tent  ion.  Fuel  cell  vehicles 
are  of  particular  interest  because  they  could  poten¬ 
tially  combine  the  best  attributes  of  BPEVs — zero 
or  near- zero  vehicle  emissions,  high  efficiency, 
quiet  operation,  and  long  life — ^with  the  long 
range  and  fast  refueling  time  of  ICEVs. 

Like  batteries,  fuel  cells  arc  electrochemical 
devices.  In  a  battery,  the  electricity-producing 
reactants  are  regenerated  during  recharging:  in  a 
fuel  cell,  the  reactants  are  supplied  continuously 
from  an  external  source  (e.g.,  a  hydrogen  storage 


tank  plus  air).  Fuel  cells  convert  the  chemical  en¬ 
ergy  in  a  fuel  (e.g.,  hydrogen  or  a  hydrogen  carrier 
such  as  methanol)  and  oxidant  (usually  oxygen  in 
air)  directly  into  electrical  energy.  Since  fuel  cells 
produce  electricity  without  combustion,  higher 
energy  efficiencies  are  possible,  and  air  pollution 
is  virtually  eliminated. 

The  efficiency  of  a  fuel  cell  (electrical  output 
divided  by  fuel  input)  can  be  higher  than  that  of 
heat  engines.  Practical  efficiencies  of  40  to  60  per¬ 
cent  are  possible  for  fuel  cells,  which  is  consider¬ 
ably  higher  than  an  internal  combustion  engine  in 
the  sizes  appropriate  for  vehicles  (the  typical  gas¬ 
oline  engine  achieves  peak  efficiencies  of  about 
30  percent).  When  integrated  into  vehicle  sys¬ 
tems.  the  efficiency  differential  between  fuel  cells 
and  ICES  will  change  somewhat  depending  on  the 
type  of  vehicle  technology  employed. 

For  example,  if  an  ICE  is  used  in  a  hybrid  con¬ 
figuration  with  a  battery  and  an  electric  drive  train, 
the  intrinsic  efficiency  gap  between  fuel  cells  and 
engines  may  be  reduced  by  about  half. Fuel  cell 
vehicles  could,  however,  have  2  to  3  times  the 
overall  energy  efficiency  of  conventional  gaso¬ 
line-powered  ICEVs  for  a  typical  urban  driving 
cycle.”The  efficiency  of  an  ICEV  over  the  EPA 
urban  driving  cycle  ranges  from  12  to  15  per¬ 
cent  ."^FCVs  should  be  capable  of  achieving  over¬ 
all  systems  efficiencies  of  30  to  40  percent.^^ 

Several  types  of  fuel  cells  are  now  under  de¬ 
velopment.  These  include  the  proton-exchange 


Ray  Smith,  "Tlie  Hydrogen  Hybrid  Opt  paper  prcsenicdai  the  Workshop  on  Advanced  Component  for  Eiectric  and  Hybrid 
Electric  VchiclcJv.  Gaithersburg.  MD,  Oct,  27-2H.i99.^. 

contrast  to  an  ICE,  the  fuel  cell  system  Itas  higher  efficiency  at  the  ItAver  end  of  its  ranee.  This  is  particularly  favorable  for  urban 

driving  conditions.  Some  c.stiniates  indicate  that  the  per-mile  cticrgy  usage  of  passenger  fuel  ceil  veliicle.s  (f'CVs)  would  be  about  half  that  of 
comparable  conventional  vehicles.  Variable  v  ah  e  and  cyl  inder  deactivation  technolog  iesnnwiintler  dev  elopment  by  some  manufacturers  may 
reduce  low  power  inefficiencies  in  conventional  lCllVsandrI^tTro^\lhi!;l'CVadvantagc.For  FCV  performance  and  cost  projections,  ,sceAllis<in 
Gas  Turbine  Division,  op.  cit.,  footnote  20. 

'^‘*vSomcKstirn.ateilKUihisl2  to  15  percent  range  could  be  pushed  to  more  than  20  percent  witli  theiiscnf  anopumi/.eddrivetrain,  which 
would  not  be  prohibitively  expensiv  e.  John  DcCicco.  American  Council  for  an  Energy-Eliicicnt  Economy,  personal  communication,  June  16, 
j  994  On  the  highw  uy,  where  an  engine  can  operate  ai  constant  njx'cO,  a  25-pcreem  energy  eflicicney  can  be  achieved.  Smith.  Op.  cit..  fot.nnotc 

92. 

"The  2()  to  40  percent  figure  assumes  a  fuel  cell  efficiency  of  45  to  50  percent,  a  fuel  reforming  efficiency  of  80  to  90  percent  {for  the 
conversion  of  methanol  to  hydrogen),  and  an  efficiency  of  80  to  90  percent  for  the  controller  and  electric  motor.  Regcncrativ  c  braking  is  not 
assumed  here. 
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membrane  cell  (PEM),  the  phosphoric  acid  cell, 
the  alkaline  cell,  and  the  solid  oxide  cell.  Among 
these  options,  many  researchers  believe  that  PEM 
fuel  cells  are  the  best  suited  for  use  in  highway  ve¬ 
hicles  in  the  mid-term.  Compared  with  other  types 
of  fuel  cells,  PEM  cells  are  relatively  light  and 
compact  and  have  the  advantages  of  high  power 
density,  quick  startup  time,  low  operating  temper¬ 
ature  (80°  to  100"C  or  176°  to  212°F)  and  po¬ 
tentially  greater  longevity.  Phosphoric  acid  cell 
technology  is  perhaps  the  most  mature,  but  it  is 
too  bulky  for  light-duty  vehicle  use.^*^  Alkaline 
fuel  cells  perform  comparably  to  PEM  cells  and 
have  lower  material  costs,  but  they  have  extreme¬ 
ly  long  startup  times  (up  to  2  hours)  and  require  a 
C0,-free  air  supply  to  prevent  poisoning  of  the 
cell  electrolyte.  Solid  oxide  cells  potentially  offer 
the  greatest  power  densities  but  operate  at  very 
high  temperature  (800°  to  1,000°C  or  1,500°  to 
1,800°F),  require  extremely  sophisticated  fabrica¬ 
tion  techniques,  and  are  far  from  commercializa¬ 
tion.  Thus,  most  light-duty  vehicle  demonstration 
programs  today  are  planning  to  use  PEM  fuel 
cells. 

In  a  PEM  fuel  cell,  hydrogen  is  delivered  to  the 
anode  and  oxygen  (or  air)  to  the  cathode.  The 
anode  and  cathode  are  separated  by  a  thin  polymer 
membrane  that  conducts  protons  (hydrogen  ions) 
but  not  electrons. ‘'"At  the  cathode,  hydrogen  sep- 
ar'^tes  into  hydrogen  ions  and  electrons  in  the  pres¬ 
ence  of  a  platinum  catalvst.'^'^The  electrons  move 


through  an  external  circuit,  driving  the  motor.  Hy¬ 
drogen  ions  are  conducted  through  the  membrane, 
where  they  combine  with  the  returning  electrons 
and  oxygen  to  form  water,  which  is  removed  from 
the  cell.  Overall,  the  fuel  cell  combines  hydrogen 
and  oxygen  to  produce  electricity  y,  heat,  and  water. 

In  addition  to  the  engineering  of  the  cell  itself, 
an  important  challenge  to  designers  of  fuel  cell 
propulsion  systems  is  the  means  of  storing  the  hy¬ 
drogen  fuel.  As  discussed  earlier,  hydrogen  could 
be  stored  directly  onboard  the  vehicle  in  high- 
-pressure  tanks,  released  in  reaction  with  sponge 
iron,  or  produced  onboard  via  reforming  of  a 
hydrogen  carrier  such  as  methanol,  ethanol,  or 
methane.  Although  onboard  reforming  adds  com¬ 
plexity  and  weight  to  a  fuel  cell  propulsion  sys¬ 
tem,  it  probably  represents  the  most  viable  fueling 
option  since  it  allows  the  greatest  vehicle  range. 

Methanol  is  perhaps  the  easiest  to  reform 
onboard  the  vehicle,  because  relatively  modest 
temperatures  are  needed  (300°C  (570°  F)  or 
less)  .99  Reforming  of  ethanol  requires  tempera¬ 
tures  around  500°C  (900°F)  and  some  analysts 
suggest  that  will  be  a  major  disadvantage.  It  is  not 
clear,  however,  whether  an  ethanol-fueled  system 
would  be  prohibitively  more  complex  than  a 
methanol-fueled  system. '  Because  the  energy 
density  of  ethanol  is  about  25  percent  higher  than 
that  of  methanol  (allowing  greater  vehicle  range) 
and  because  ethanol  is  less  corrosive  and  t  ic,  the 


phosphoric  acid  fuel  cell  iS  considered  a  near-term  option  for  hcavy-duty  vehicles.  A  phosphoric  acid  cell  is  currently  being  used  in 
the  Department  of  tiner^y's  fuel  cell  bus  demonstration  program, 

A. sing  Ic  membrane-electrode  sandwich  is  about  four-hundredths  of  an  inch  thick.  A  fuel  cell  stack  is  assembled  by  placing  one  mem¬ 
brane-electrode  sandwich  on  top  of  another. 

Because  the  platinum  catalyst  is  poisoned  by  CO,  hydrogen  for  PEM  fuel  cells  must  contain  no  more  tlran  a  few  parts  per  million  of  CO. 
This  imposes  stringent  cleanup  standards  on  hydrogen  produced  via  natural  gas  reforming. 

Researchers  are  af. so  Investigating  the  direct  use  of  methanol  in  fuel  CClls  (i.e.,  introduction  of  niethanol  fuel  directly  to  the  fuel  cell  anode). 
Tins  would  eliminate  the  need  for  an  onboard  refonner  and  could  substantially  reduce  system  complexity  and  cost.  The  technical  challenges 
lacing  direct  methanol  fuel  cells  appear,  however,  to  be  signiticantly  greater  than  tho.se  for  hydrogen  fuel  cells.  Michael  KrumpcU.  Argonne 
National  Laboratory,  personal  communication,  January 

’'''Tiloihmcthanoiandefhanolaro  reformed  at  temperatures  well  above  the  operating  temperature  of  the  PE.Mcell.In  either  case,  the  refor- 
iTiatemustbe  cf)olcd  and  treated  to  remove  CO.  Thus  the  higher  temperature  of  the  ethanol  reformer  may  not  add  much  to  the  complexity  and 
cost  of  the  ^ystcm.Romesh  Kumar,  Electrochemical  Technology  Program,  Argonne  National  Laboratory,  personal  communication,  Jan.  31. 
1994. 
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Energy  Partners  of  West  Palm  Beach,  Florida,  /s  developing  a 
prototype  PEM  fuel  cell  vehicle  dubbed  the  "Green  Car’'  The 
prototype  is  fueled  by  compressed  hydrogen 


reforming  of  ethanol  for  fuel  cell  vehicles  is  cur¬ 
rently  the  subject  of  an  R&D  program  funded  by 
the  Department  of  Energy  (DOE).  Methane  re¬ 
forming  requires  temperatures  around  800”C 
(1  ,500°F).  In  the  future,  if  solid  oxide  fuel  cells 
are  developed  for  transportation,  methane  or  etha¬ 
nol  could  be  readily  used  because  of  the  high  op¬ 
erating  temperature  of  the  cells  (800°  to  1,000‘’C 
or  1  ,500°  to  1 ,800”  F). 

A  number  of  experimental  PEM  fuel  cell  ve¬ 
hicles  are  now  under  development.  The  fuel 
cell  vehicle  is  an  electric  drive  vehicle  that  uses  a 
fuel  cell  system  in  place  of  (or,  in  some  designs,  in 
parallel  with)  a  rechargeable  storage  battery  (see 
figure  4-4).  The  fuel  cell  system  consists  of  a  fuel 
cell  stack,  which  produces  the  electricity;  an  air 


compressor  to  provide  pressurized  air  to  the  fuel 
cell;  a  cooling  system  to  maintain  the  proper  oper¬ 
ating  temperature;  and  a  water  management  sys¬ 
tem  to  keep  the  PEM  membrane  saturated  and 
remove  water  as  it  is  created  at  the  cathode.  If  the 
fuel  is  stored  as  methanol  or  ethanol,  a  reformer  is 
needed  on  the  vehicle  to  convert  the  fuel  to  hydro¬ 
gen. 

In  theory,  all  the  power  demands  in  an  FCV  can 
be  provided  by  a  fuel  cell  alone.  The  most  practi¬ 
cal  implementation  of  fuel  cells  in  vehicles,  how¬ 
ever,  might  involve  designing  a  fuel  cell  to  meet 
the  ‘T)aseload”  power  requirement  and  using  a 
peak  power  device  to  meet  demands  for  quick  ac¬ 
celeration.  The  peak  power  device  could  be  a  stor¬ 
age  battery,  an  ultracapacitor, or  a  flywheel. 
Such  a  design  approach  could  be  quite  important 
since  methanol  reformers  cannot  follow  rapid 
load  changes  (unlike  a  fuel  processor,  batteries  or 
ultracapacitors  can  more  readily  follow  the  load 
profile).  Such  a  storage  device  could  provide  ini¬ 
tial  power  during  the  fuel  cell  system  warmup  and 
also  allow  energy  to  be  recovered  from  regenera¬ 
tive  braking.  Since  most  vehicles  spend  the  vast 
majority  of  the  drive  cycle  at  low  load  where  the 
fuel  cell  alone  would  be  adequate,  the  peak  power 
device  could  have  a  low  storage  capacity  coupled 
with  a  high  power  density. 

The  overall  environmental  impact  of  a  fuel  cell 
vehicle  will  depend  on  the  means  of  production 
and  delivery  of  the  hydrogen  or  hydrogen  carrier 


‘  ^  DOF. ‘snow  opera  ung  a  tlcmonstrdiion  fuel  cc]]  bus  with  onbiwd  methanol  retbrniino.DOE  is  also  involved  in  a  joint  project  with  Gen¬ 
eral  Motors  and  other  industrial  pailners  to  demonstrate  a  PFM  fuel  cell  automobile  (with  onboard  methanol  reforming)  by  tlie  turn  of  the  centu¬ 
ry.  Daimlor^Ben/ recently  unveiled  a  prototype  PFV!  fuel  cell  van  us i fig  high-pressure  hydrogen  storage.  Eiiei  o>  Partners  in  Florida  has  recently 
unveiled  its  prototype  “Green  Car,  ”  a  hydrogen-powered  PF.Mfuel  cell  automobile.  Mazda  and  Scirnens  are  also  developing  PEM  fuel  cell 
vehicles.  However,  commercial  production  of  these  prototypes  is  still  many  years  away. 

separated  by  thin  layers  of  insulator.  Recent  developments  in  materials  technology, 

including  the  creation  of  aerogels— very  I  ighi  porous  solids— allow  the  creation  of  substances  with  very  large  surface  area  compared  with  their 
volume,  which  makes  them  suitable  for  the  construction  of  capacitors  capable  of  storing  and  quickly  delivering  particularly  large  amounts  of 
charge.  Such  devices  are  called  ultracnpacitors. 

•^'■'Flywheclsarci„essencc'-c)cctromcchani]”  batteries.  A  rapidly  spinning  rotor  is  used  10  store  ettergy.  which  is  then  tapped  electnv 
magneiicany.  The  Principle  of  storing  energy  in  a  rotating  wheel  is  an  old  one— potters  use  it,  and  many  combustion  motors  employ  a  flywheel 
to  smooth  out  fluctuations  in  their  output-but  new  technology  allows  mtation  speeds  far  greater  tlian  that  possible  with  conventional  steel- 
rimmed  wheels.  Modem  flywheel  rotors  use  acK  anced  composite  materials  that  are  light  and  strong,  and  have  very  high  energ>  densities  be¬ 
cause  they  spin  so  fast  (up  to  2.000  revolutions  a  second).  See  Michael  Riezenman,  “A  Different  Spin  on  an  EV  Battery,”  iFEESpcctrunuNo- 
vember  1992,  p.  HX). 
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!  Accessories 

I - J  ^ 


NOTE;  In  o  cav  tup:  <e  g  mri»f''rir.c’}  ;s  i.onvcrlcd  todc  e:ectr;ci^y  by  iMe  fuel  cel'-  Th;s  energy  :s  dTecieci  into  the  batier  es  or  lo  ‘he  j’vertor 

depending  oj  .rif,tcH-!laneous  detriand.  The  inverter  controiy  puv/er  liow  to  the  e'ectnc  rnotor(s)  that  propels  the  vehicle  This  configuration,  aiiow'i  ir  e 
vehicle  trj  be  powered  by  the  battery  a:on.e.  ttie  toe;  r:el'  aione.  or  a  combination  of  both  The  cohtroi  strategy  employed  allows  for  vn.toiiigent  load 
Sharing  between  the  fuei  cei’  and  the  battery  depend  ng  ur^  the  cirivir.g  reociremer'ls  and  state  of  charge  of  the  batteries 
SOUf>C£.  Al'isrjr:  Cas  Turb  ne  Divs'on  '  Research  and  Oeveiopmenf  of  RrctOft’Exchange  Me.mbrane  (f^EM)  fuel  Cell  Sysfem  for  Transportaticr:  Ap 
piicationu  Initia.  Concepioa.'  De=t  gn  Report.'  E  D.R  16194,  paper  prepared  for  the  Office  of  Transpoftat'Cn  Technofog.es,  U  S  Department  of  Energy 
Nov  30  1993 


used.  Just  as  BPEVs  can  offer  significant  environ¬ 
mental  benefits  if  they  are  recharged  by  using  re¬ 
new  ably  generated  electricity,  FCVs  could  have 
very  low  overall  emissions  if  hydrogen  or  hydro¬ 
gen  fuel  carriers  were  derived  from  renewable 
sources.  If  FCVs  were  to  use  hydrogen,  methanol, 
or  ethanol  made  from  biomass,  CO,  emissions 
could  be  reduced  by  more  ^han  90  percent 
compared  with  a  gasoline  ICEV  (see  table  4-1).  It 
should  be  noted  that  fuel  reforming  does  produce 
C0„  but  if  renewably  grown  biomass  is  the  fuel 
source,  the  global  carbon  budget  would  not  be  af¬ 
fected.  The  use  of  hydrogen  produced  from  elec¬ 
trolysis  of  water  using  solai'-generated  electricity 
would  virtually  eliminate  CO, emissions  for  the 
entire  fuel  cycle. 

Despite  their  promise,  large-scale  commercial 
production  of  fuel  cell  vehicles  is  still  many  years 


,  ,  104  Many  key  vehicle 

or  even  decades  away.  ^ 

technologies  are  still  in  the  developmental  phase. 
Although  some  advances  have  been  made  in  the 
area  of  PEM  fuel  cell  performance,  much  progress 
is  required  before  a  complete  fuel  cell  system  can 
be  packaged  for  an  automobile.  The  integration  of 
different  system  components  will  be  a  formidable 
engineering  undertaking.  For  example,  if  an  on¬ 
board  reformer  is  used,  sophisticated  thermal  con¬ 
trol  equipment  is  required.  The  long-term 
reliability  of  the  essential  components  of  a  fuel 
cell  system  has  not  yet  been  demonstrated  in  an 
automotive  environment  or  over  a  typical  automo¬ 
tive  duty  cycle. 

The  costs  of  PEM  fuel  cell  components  must  be 
reduced,  in  some  cases,  by  orders  of  magnitude. 
Although  fuel  cell  costs  will  likely  decrease  as 


'^'’^TTiePHM  fJ  prototype  vehicle  boint;  clcvcloi>ed  jointly  by  DOE  and  General  Motors  (Allison  Gas  Turbine)  '^ili  not  bccoinpleicd 
until  i  999  or  ^(XX).  Fa  en  if  the  protoyping  effort  is  successful,  it  will  take  years  of  engineering  refinement  before  mass  production  can  bcein. 

Philip  J.  Haley.  Chief  Project  Engineer.  Vehicular  Engines,  Allison  Gas  Turbine  Engine  Division,  testimony  at  hearings  before  the 
House  Committee  on  Science.  Space,  and  Technology,  Subcommittee  on  Energy,  July  20,  1993. 
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BOX  4-2;  Fuel  Cell  Vehicle  R&D  Challenges 


Many  technical  and  economic  barriers  need  to  be  overcome  before  the  fuel  cell  vehicle  becomes  a 
viable  competitor  with  other  vehicle  technologies.  The  main  R&D  issues  facing  fuel  cell  vehicles  are: 

•  Development  of  proton-exchange  membrane  (PEM)  fuel  cells 

1,  Reducing  the  cost  and  iimproving  the  performance  of  the  polymer  membrane  without  compromising 
its  mechanical  properties  or  making  it  more  sensitive  to  impurlhes  In  the  gas  streams.  At  present,  the 
cost  of  the  membrane  is  the  single  largest  contributor  to  the  cost  of  the  PEM  fuel  cell.  Current  costs 
for  the  membranes  are  about  $1  ,000/kg,  largely  because  these  materials  are  custom  manufactured 
in  small  quantities.  Membrane  costs  need  to  be  brought  down  to  around  $1  0/kg, 

2,  Mass  producing  jarge-area  fuel  cell  stacks  with  low  platinum  catalyst  loadings,  Platinum  require¬ 
ments  have  been  greatly  reduced  (by  fortyfold)  in  small-area  laboratory  fuel  cells  These  advances 
need  to  be  achieved  for  large-area  fuel  cell  stacks  as  well 

3,  Finding  a  simple  and  effective  way  to  keep  the  membrane  moist,  while  still  removing  product  water 
at  the  cathode 

4,  Developing  a  membrane  that  withstands  temperatures  of  150°C  (300°  F),  This  would  allow  methanol 
to  be  oxidized  directly,  thus  obviating  the  need  for  a  platinum  catalyst. 

5,  Reducing  the  size  and  energy  consumption  of  the  air  compression  system 

6  Reducting  the  weight,  bulk,  and  cost  of  the  fuel  cell  stack  components  and  assembly 
«  Development  of  low-cost,  compact,  simple,  and  reliable  fuel  cell  system  auxiliaries. 

•  Development  of  electric  drivetrains  designed  for  long-range,  high-efficiency,  high-power,  and  rapid  tran¬ 
sient  operation. 

•  Development  of  control  systems  for  fuel  cell  vehicles,  which  can  coordinate  the  use  of  fuel  cell  and 
peak  power  devices. 

»  Development  of  batteries  or  other  peak  power  devices  suitable  for  use  in  fuel  cell  vehicles,  The  charac¬ 
teristics  required  differ  from  those  for  battery-only  powered  electric  vehicles. 

■  For  hydrogen  fuel  cell  vehicles,  development  of  lightweight,  low-cost,  high-pressure  compressed  gas 
cylinders  for  onboard  hydrogen  storage. 

■  For  methanol  fuel  cell  vehicles,  the  development  of  onboard  reformers  with  rapid  response  time.  Metha¬ 
nol  reformers  today  have  long  warmup  times  and  cannot  follow  rapid  load  changes 

SOURCES  Joan  M  Odgen  et  al ,  “A  Technical  and  Economic  Assessment  of  Renewable  Transportation  Fuels  and  Technologies,  ” 
report  prepared  for  the  Office  of  Technology  Assessment,  May  1994  and  Michael  Krumpelt,  Argonne  National  Laboratory,  personal 
commumcation,  January  1994 


economies  of  scale  are  achieved  in  manufactur- 

•  uic  icuuuiiuiia  lu  i  v,.  v 

competitive  with  other  vehicle  options  will  re¬ 
quire  intensive  R&D  in  coming  years. Some  of 
the  major  R&D  challenges  are  enumerated  in  box 


4-2.  If  mass  production  is  able  to  bring  down  com- 

puijuiii  <inu  11  iiiajui  uucgiaiiun  vuai*' 

lengcs  are  met,  some  estimates  indicate  that  it  may 
be  possible  for  FCVs  to  have  life -cycle  operating 
costs  comparable  to  conventional  gasoline  ve- 


106 manufacturing  ramps  up.  many  products  lypicalty  follow  a  “learning”  or  “experience”  curve,  where  costs  decline  20  percent  witli 
each  doubling  of  production.  See  Linda  Argote  and  Dennis  Epple,  “Learning  Curves  in  Manuiacturing/’Science,  vol.  247,  Feb.  23,  1990,  pp. 
920-924. 

recent  study  estimates  that  a  mass-produced  KCV  power  system  could  cost  as  little  as  S50/kW.  Sec  All  i.son  Gas  Turbine  Division,  Op. 
cit.,  footnote  20. 
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hides. This  is  due  principally  to  the  high  effi¬ 
ciencies  and  longer  lifetimes  po.ssible  with 
FCVs.’'*^-*  Many  c.sscntial  technologies,  including 
the  fuel  coll  itself,  arc  still  many  years  away  from 
commercialization,  however,  and  thus  cannot  be 
firmly  costed.  Consequently,  such  estimates 
should  be  treated  cautiously. 

I  Hybrid  Vehicles 

Given  the  technical  difficulties  confronting  both 
battery-powered  electric  vehicles  and  fuel  cell 
electric  vehicles,  researchers  c  been  exploring 
the  possible  advantages  of  hybrid  electric  ve¬ 
hicles.  Hybrid  sy.stcms  could  provide  many  of  the 
energy  efficiency  and  emissions  ixinefits  of  pure 
BPEVs,  while  offering  greater  flexibility  with  re¬ 
spect  to  range  and  performance.  In  the  broade.st 
sen.se,  hybrid  propulsion  systems  combine  two 
power  sources.  The  range  of  potential  sources  in¬ 
cludes  batteries,  flywheels,  internal  combustion 
engines,  gas  turbines,  fuel  cells,  and  diesel  en¬ 
gines. 

One  emerging  iiybrid  concept  is  to  use  electric 
motors  to  drive  a  vehicle’s  wheels,  with  the  mo¬ 
tors  powered  by  an  electrical  storage  system  that  is 
recharged  by  a  low-power  internal  combustion  en¬ 
gine  (the  ICti  drives  an  electric  generator). "‘’The 
combustion  engine  would  run  only  when  the  elec¬ 


trical  storage  device  needed  recharging  and  would 
operate  at  a  constant  speed  to  maximize  efficien¬ 
cy."  '  The  electrical  storage  device  could  Ix'  a  bat¬ 
tery.  ultracapacitor,  or  advanced  flywheel,  and 
could  be  used  to  recover  energy  currently  lost  dur¬ 
ing  the  braking  cycle,  thereby  reducing  total  fuel 
consumption.  Because  the  ICE  would  be  small 
(about  half  the  si/x*  of  conventional  ICfi  power- 
plants)  and  would  run  at  one  design  speed,  the  hy¬ 
brid  could  be  quite  clean  and  efficient."^ 
Ultimately,  the  ICE  powerplant  could  be  replaced 
by  a  fuel  cell  or  gas  turbine."-^ 

Initially.  ICE  hybrids  w'ould  probably  run  on 
gasoline,  but  by  taking  advantage  of  a  proven  pro¬ 
pulsion  technology  such  as  the  ICE.  hybrid  sys¬ 
tems  might  generate  early  market  demand  for 
various  renewable  fuels  and  facilitate  the  devel¬ 
opment  of  an  alternative  fuel  infrastructure. 
Although  conventional  ICEVs  powered  by  alter¬ 
native  fuels  could  offer  near-term  petroleum  con- 
.servation  benefits,  ICE  hybrids  perhaps  offer  a 
transitional  pathway  to  advanced  BPEVs  and 
FCVs. 

An  ICE-based  hybrid  coidd  run  on  a  variety  of 
fuels  such  as  hydrogen,  ethanol,  methanol,  refor¬ 
mulated  gasoline,  or  natural  gas.  Researchers  at 
Lawrence  Livermore  National  Laboratory  have 
projected  the  vehicle  efficiencies  that  might  bo 


Eotilif  .Sffji  have  a  hitjhor  initial  ptircha.so  price.  Sco  Dchicchi,  op  cil..  footnote  9! . 
electric  drivcirain  cxpcdccl  to  resull  in  lower  maintenance  costs  and  extend  vehicle  liie.  llnd, 

‘‘'See  Smith,  op.  cii.,  hu>in<Jte  92.  and  A  Bmke  and  f>.  S[X'r)in^,  'Hytn  id  Vehicle.^.  AKvays  Second  Bc.st?*'  Futuw  /.)rG  c,  Ffcaru-  VchicU-^ 
oti(/  Sn'ifiiinahfc  Tuinspftriatian  (Wa\hin<in»n,  U(.  ‘  Island  F^css,  1994) 

'  ‘  'The  typical  uthun  driving  cycle,  with  its  varying  speed  and  load  demands,  greatly  reduces  engine  conversion  etficiency.  Some  c.stiinate 
that  a  hybrid  do.Men  that  would  allow  the  ICb  to  ofXTUie  ;ii  a  single  speed  and  load  point,  migln  double  engine  elTicicncv  in  comparison  w  iih 
current  dc.sign.>.  See  Smith,  op.  cit..  f(K»tnotc  92:  and  Amory  B.  Lovin.s  et  ul,.  Suficnurs  aw  St's'a-km:  The  Conun^  U^ht-VchH U'  Fci  ahumu 
(Snowmass.  CO.  Rocky  Mountain  Institute.  i'Ch.  I.  1992). 

‘  ‘  ^Noie.  however,  that  the  ctiiciencs  of  ICLs  docs  decrease,  all  else  equal,  as  size  decreases.  Also,  even  with  a  relatively  snuill  range  of  AO  to 
St)  miles,  such  a  hybrid  c<mld  meet  a  laigc  fraction  ot  the  daily  dtiving  needs  of  many  urban  drivers  m  the  clectnc  mode  tie.,  without  using  the 
heat  engine ).  If  the  K‘h  wore  sized  in  the  25-  to  4<)-kW  range,  the  hybrid  couid  travel  much  longer  distances  ti.e..  the  hybrid  would  operate  inail 
elcvtric  mode  m  the  cits  and  use  the  ICF  for  highway  driving,}.  See  I^urkc  and  Sperling,  .ip.  cit  .  footnote  I U). 

‘  ^^T)k‘  u.se  of  a  small  gas  turbine  us  an  automotive  powerplanl  could  offer  a  number  of  bcuerns.  Gas  turbines  can  use  a  nnmfxir  ofaltemative 
fuels,  including,  methanol  .ind  hydiugen.  and  can  have  low  emissions  of  criteiia  air  ^xiliutams.  However,  automotive  gas  turbines  ate  still  in  the 
development  stage  Reliability  and  eniciency  arc  unccnain.  See  H.S.  Department  of  bnergy,  C.V;/i.^cciY/rh>M  im:l  RrnnMihir  limrav  Ti  chnoh- 
uiesfor  rnwsportitfum  (Washington.  DC:  1  WO);  and  Rohon  Harmon,  “AUemative  Vehicle  Propulsiott  Systems."  Mccfnmica}  bfigincenny., 
March  1992,  p.  5K.  An  upc  oming.  OTA  study  will  provide  a  detailed  review  of  automotive  gas  turbines. 
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TABLE  4-6;  Estimates  of  Series  Hybrid  Vehicle  Efficiencies^ 


Overall  vehicle  efficiency 
for  a  typicai  urban  driving  cycle 


Vehicle  type  (percent) 


Conventional  Internal  combustion  engine  vehicle  (ICEV)  12-15 

Battery-powered  electric  vehicle  (BPEV)'  20 

Gasoline  internal  combustion  engine  (ICE)  hybrid"  24 

Compressed  natural  gas  ICE  hybrid  28 

Proton-exchange  membrane  fuel  cell  hybrid  30^40 

Hydrogen  ICE  hybrid**  30-40 


comparisons  are  done  on  a  basis  of  equal  vehicle  weight,  drag,  and  rolling  resistance 
^>Thf;RPrv 'ft  assumed  lobe  charged  by  a  powerpiant  operating  at  36-percent  efficiency,  with  a  power  if  ar.snv.ssion  efficiency  Of  92  Percent  The 
RPPV  .(self  has  an  eff'Ctc-ncY  of  about  50  percent,  resulting  m  an  overall  efficiency  of  about  20  percent 
The  electrical  storage  dewce  is  assumed  10  be  an  advanced  flywheel  having  a  turnaround  efficiency  of  95  percent 

fi}(is  assumed  that  the  compression  ratio  for  a  hydrogen  ICE  can  be  raised  to  about  15  (conventional  iCGVs  have  compression  ratios  of  about  l0)This 
would  result  m  an  engine  having  48-percent  efficiency 

SOURCE  J  Ray  Smith  ‘The  Hydrogen  Hybrid  Option,”  paper  presented  at  the  Workshop  on  Advanced  Components  for  Eiecincand  Hybrid  Electric 
Vehicles  Gaithersburg.  MD,  Ocl  27-28,  1993 


achieved  using  different  fuels  (see  table  4-6).  In 
comparison  to  a  conventional  ICEV,  they  estimate 
that  a  gasoline  hybrid  might  add  an  additional  10 
percentage  points  to  overall  vehicle  efficiency  for 
a  typical  urban  driving  schedule  (24  versus  13  per¬ 
cent).  "^Such  a  vehicle  would  effectively  double 
the  urban  mileage  that  could  be  traveled  for  a  giv¬ 
en  quantity  of  gasoline.  A  CNG  hybrid  would 
have  slightly  better  efficiency  (28  percent),  be¬ 
cause  of  the  higher  compression  ratio  possible  for 
CNG  engines.  Efficiencies  similar  to  CNG  would 
be  expected  when  alcohol  fuels  are  used.  Perhaps 
most  interesting,  a  hydrogen  ICE  hybrid  might 
achieve  efficiencies  comparable  to  a  fuel  cell  hy¬ 
brid  (30  to  40  percent).  Thus,  the  hydrogen  hybrid 
has  the  potential  to  be  the  “mechanical  equivalent 
of  the  fuel  cell.”  As  noted  before,  however,  these 
projections  are  subject  to  considerable  uncertainty 


in  terms  of  the  efficiency  of  individual  compo¬ 
nents  and  overall  integrated  system  efficiencies. 
Much  further  research  is  needed  to  better  quantify 
performance  and  to  develop  working  demonstra¬ 
tion  vehicles  for  these  various  options. 

Although  tailpipe  emissions  from  a  hydrogen 
ICE  hybrid  would  not  be  zero  as  from  a  fuel  cell 
vehicle  with  onboard  hydrogen,  the  emissions  of 
CO,,  hydrocai'bons,  and  nitrogen  oxides  could  be 
significantly  lower  than  for  conventional 
ICEVS.115  A  hydrogen-fueled  engine  is  potential¬ 
ly  a  near-  to  mid-term  (10  to  15  years)  technology 
option  since  prototype  hydrogen  ICEVs  have  al¬ 
ready  been  developed.  Because  of  the  efficiency 
associated  with  a  hybrid  configuration,  hydrogen 
storage  requirements  might  be  reduced  by  50  to  65 
percent  compared  with  a  hydrogen  ICEV. In 


I  I'^^fhero.  would  be  essentially  no  improvement  for  highway  driving,  because  an  ICEV  runs  basically  at  one  speed  on  the  highway. 
can  achieve  highway  efficiencies  of  about  25  percent. 

H  •'*No  ICE  clcciric  hybrid,  however,  has  yet  been  built  to  compare  emissions  with  pure  BPEVS  under  real  driving  conditions. 

I  '^Rambach,  op.  cit.,  footnote  60. 


Chapter  4  Transport  139 


addition,  hydrogen  fuel  costs  over  a  300-inile  of  specific  technologies,  and  of  the  policies  that 

(480-km)  operating  range  would  not  be  prohibi-  support  those  technologies,  will  be  driven  princi- 

tively  expensive.  '  difficulties  associated  p^Py  by  the  prospect  of  cost,  energy  security,  or 

with  creating  a  hydrogen  infrastructure  can  be  sur-  environmental  benefits. 

mounted,  development  of  a  such  a  hybrid  might  Although  some  of  the  propulsion  technologies 
provide  an  important  pathway  to  a  hydrogen-  and  alternative  fuels  discussed  here  could  eventu- 
based  transportation  system.  ally  be  commercialized  through  the  operation  of 

The  most  plausible  hybrid  candidates  in  terms  normal  market  forces,  it  is  not  likely  that  such 

of  cost  and  technical  difficulty,  however,  are  likely  commercialization  will  happen  in  the  near  to  mid- 

to  be  gasoline-  or  alcohol-based  vehicles.  It  term,  given  the  low^  prices  of  gasoline  now  avail- 

should  be  stressed  that  them  are  serious  engineer-  able  to  consumers.  Policymakers  determine 
ing  challenges  confronting  hybrids.  For  example,  that  it  is  necessary  or  desirable  to  introduce  hig"  - 

a  hybrid  vehicle  will  require  a  complex  power  efficiency,  low-emission  vel  jle  technologies  in 

control  system  that  coordinates  heat  engine  (e.g..  the  near  to  mid-term,  then  some  level  of  govem- 

an  ICE  or  gas  turbine)  and  electrical  storage  sys-  ment  intervention  will  continue  to  be  required,"'^ 

tern  operation.  In  addition,  much  must  be  learned  Federal  policy  is  starting  to  play  a  major  role  in 
about  hybrid  performance,  efficiency,  emissions,  developing  and  commercializing  these  technolo- 

reliabihty,  complexity,  and  cost.  In  1993,  DOE  gies,  especially  with  the  recent  increases  in  federal 

initiated  a  $  138-million,  five-year  program  with  funding  for  RD&D  in  alternative  fuels  and  ad- 

General  Motors,  and  a  $  122-million  program  with  vanced  vehicle  technologies. 

Ford,  to  design  and  develop  prototype  hybrid  ve-  There  exists  abroad  array  of  policy  instruments 
hide  systems.  that  could  affect  either  the  supply  of  vehicles  that 

use  alternative  fuels  or  the  demand  for  them.  Sup- 
POLICY  ISSUES  ply-side  instruments  can  include  increased  public 

The  evolution  of  the  U.S,  transportation  system  R&D  funding  and  coordination,  higher  fuel  effi- 

toward  full  use  of  renewable  energy  sources  in  ad-  ciency  standards,  and  stringent  emissions  regula- 

vanced  vehicles  could  take  very  different  direc-  tions.  Some  of  these  options,  however,  do  not 

tions  depending  on  the  market  response  and  on  the  guarantee  that  consumers  will  actually  purchase 

relative  importance  placed  by  policyrr  ^kers  on  vehicles  that  use  alternative  fuels.  Thus,  den  nd- 

key  energy  and  environmental  issues,  including  side  instruments  might  also  be  required.  These 

urban  air  quality,  greenhouse  gas  emissions,  and  could  include  lower  tax  rates  for  alternative  fuels 

energy  security.  The  evolution  and  development  relative  to  gasol  ine,  "feebates”  for  energy  efficien- 


‘'"OricS^udvcsiimiiieslhatiihyilro^tnihihridlhaic^rTicvIfive  passengers  would  consume  about  1.5  MJ.'knU.If  the  delivered 

cost  for  hydrogen  ranges  from  $30  to  SSOGJ.the  fuel  operating  co.st  uould  range  from  $13  to  $23  per  300  miles  (480  km).  This  is  comparable  to 
the  operating  cost  of  many  conventional  gasoline  K'.'KVs.  If  advanced  lightweight  materials  and  streamlined  aerodynamics  were  incorporated, 
hybrid  operating  costs  would  drop  even  further.  Ibid. 

1 1  market  challenges  associated  svith  a  shift  to  high-efficiency  vehicles  that  use  alternative  fuels  will  be  substantial.  Such  a  shift  w  ill 

require  extensive  and  expensive  development  of  a  new  fuel  infrastructure,  retooling  of  pontons  of  the  automobile  industry,  and  additional  fi¬ 
nancial  considerations  for  consumers  if  the  new  vehicles  have  higher  upfront  capital  costs  (even  if  competitive  on  a  life-cycle  basis). 

1 1 ‘^For  example,  if  It ‘‘i  determined  that  national  Ion  cK  of  greenhouse  gas  emissions  need  to  bo  reduced  ht4ow  current  targets,  energy  effi¬ 
ciency  i m pro V  ements  will  probabKnot  be  siiiyh  ientin;jt:bievc  long-run,  deep  cuts  in  CO?  emissions  unless  tliere  isasw'iteh  to  renewable 
transport  fuels.  Such  a  transition  aw  un  I  lottj  a  tvuoleum'basetl  trunsp<uiation\\  stem  would  likely  take  many  decades  even  with  aggressi\<. 
government  mlcrvention  (see  chapter  1  k 
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BMW  has  developed  a  compact  electric  vehicle  dubbed  the 
"t  /  . "  The  concept  car  has  been  designed  as  an  afhelectnc 
vehicle,  or  as  an  electric  hybrid  that  uses  a  sfrtall  ICE  for 
long -distance  travel  and  Jo  recharge  the  vehtcfe's  batteries. 

cy,’'”tax  incentives  for  the  purchase  of  advanced 
vehicles,  pollution-based  registration  fees  for 
automobiles,  exemptions  from  transportation 
control  measures,  and  government  procure¬ 
ment  of  advanced  vehicles  that  run  on  alternative 
fuels. 

As  illustrated  in  earlier  sections,  there  are  sev¬ 
eral  plausible  transition  pathways  that  could  result 
in  greater  reliance  on  renewable  fuels.  Both  con. 

ventional  and  emerging  vehicle  technologies  can 
take  advantage  of  energy  carriers  such  as  metha¬ 
nol,  ethanol,  hydrogen,  and  electricity.  Many  eco¬ 
nomic  and  technical  factors  are,  however,  likely  to 
make  a  transition  to  a  renewable-based  transporta¬ 
tion  system  difficult. 


In  the  short  term,  accelerated  commerciahza- 
tion  of  ICEVs  that  use  alternative  fuels  could 
create  the  groundwork  for  a  renewable  fuel  infra¬ 
structure.  Although  many  of  these  vehicles  would 
bum  fuels  derived  from  nonrenewable  sources 
(e.g.,  methanol  from  natural  gas),  in  the  near  term, 
markets  would  be  created  that  could  encourage  in¬ 
vestment  in  renewable  energy  sources  and  tech¬ 
nologies. 

Several  important  policy  measures  for  promot¬ 
ing  the  development  of  alternative  fuels  have  al¬ 
ready  been  taken  at  the  federal  and  state  levels. 
These  are:  123 

■CAFE  (Corporate  Average  Fuel  Economy) 
credits  are  available  to  automakers  who  pro¬ 
duce  alternative  fuel  vehicles,  permitting  them 
to  treat  the  vehicles  as  very -high-mileage  cars 
that  can  be  averaged  into  their  fleets  and  allow 
fuel  economy  standards  to  be  met  more  easily. 
These  credits,  however,  are  unlikely  to  provide 
much  incentive  to  most  automakers  unless  fuel 
economy  standards  are  raised. 

•The  Clean  Air  Act  Amendments  (CAAA)  of 
1990  established  three  clean  fuels  programs: 
section  249  establishes  a  pilot  test  program  in 
CaUfornia;  section  246  estabhshes  a  centrally 
fueled-fleet  (10  or  more  vehicles)  program  in 
air  quality  nonattainment  areas;  and  section 
227  requires  gradually  increasing  sales  of  ur¬ 
ban  buses  that  use  clean  fuels.  Perhaps  more 


‘‘^^tJndcr  a  "fcebaJc”  system  oar  buyers  would  either  receive  a  rebate  or  pay  a  fee  based  on  the  vehicle’s  fuel  economy,  with  the paying 
for  the  rebates. 

‘-‘Asautomohile.‘;a«e/‘’='‘^‘^”^'^^h'>nscharactcristics  frequently  deteriorate,  while  their  registration  fees  Often  are  reduced.  If  registration 
fees  were  based  on  the  emissions  performance  of  cars,  the  environmental  costs  of  driving  older  or  underperforming  cars  could  be  partially  ac- 
counted  for.  Such  smog  fees  might  range  from  $20  (for  cars  that  use  clean  fuels)  to  $1,000  per  year  (for  cars  that  emit  large  quantities  of  criteria 
pollutants).  The  fees  could  be  used  to  offset  the  costs  for  low-income  drivers.  Some  researchers  believe  tliat  pollution  fees  could  be  an  extremely 
cost-effective  approach  for  lowering  emissions.  See  Deborah  Gordon,  “Alternative  Fuels  Versus  Gasoline:  A  Market  Niche?”  Foruvi  for  Ap' 
plied  Research  and  Public  Poliew  spring  1994,  pp.  5- 12;  and  Winston  Barrington  and  Margaret  Walls,  Resources  for  the  Future,  “Shifting 
Gears:  New  Directions  for  Cars  and  Clean  Air,”  No.  1 1 5.  Spring  1 994,  pp.  2-6. 

1 example,  consumers  who  purchase  altemalive  fuel  vehicles  could  be  given  permission  to  travel  in  high-occupancy- vehicle  lane.s. 
Such  exemptions  from  transportation  control  measures,  however,  could  increase  congestion.  See  U.S.  Congress,  General  Accounting  Office, 
Alicrnarive-  Fueled  Vehdea:  Potential  Impact  from  Transportation  Control  Measures,  GAO/RCHD-9.^- 125  (Washington,  DC:  U.S.  Govern¬ 
ment  Printing  Office,  April  1993), 

1 2 following  points  are  drawn  from  and  discussed  more  fully  in  Office  of  Technology  Assessment,  op.  cit.,  footnote  1 4. 
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importantly,  the  CAAA  requires  that  gasoline 
be  oxygenated  if  a  city  is  out  of  compliance 
with  CO  standards.  As  a  consequence,  by  the 
turn  of  the  century  more  than  70  percent  of  all 
gasoline  sold  could  contain  oxygen  and  thus 
ethanol,  methanol,  or  their  derivatives.  '"^For 
the  same  mass  (weight)  of  emissions,  alterna¬ 
tive  fuels  produce  less  ozone  than  gasoline  be¬ 
cause  their  exhaust  emissions  are  less 
photochemically  active.  California  is  moving 
toward  emissions  standards  that  correct  for  this 
difference  in  the  reactivity  of  emissions.  Thus, 
gasoline-fueled  vehicles  would  have  to  achieve 
lower  (mass)  emissions  than  vehicles  fueled  by 
ethanol,  methanol,  or  their  derivatives.  The 
California  Air  Resources  Board  (CARB),  how¬ 
ever,  believes  that  reformulated  gasolines  will 
satisfy  CAAA’s  clean  fuels  requirements, 
which  would  limit  the  extent  to  which  the  act 
will  actually  promote  alternative  fuels.  '25  The 
act  Phase  1 1  emissions  standards,  set  to  begin 
in  model  year  2001  (if  deemed  necessary  by 
EPA),  are  much  more  stringent  (see  table  4-3), 
so  estimates  that  relatively  low  levels  of  alter¬ 
native  fuels  will  be  promoted  by  the  CAAA 
should  be  considered  preliminary. 

I  The  State  of  California’s  pilot  test  program  un¬ 
der  the  CAAA,  called  the  Low  Emission  Ve¬ 
hicle  Program  (LEVP),  requires  minimum 
sales  of  vehicles  in  different  emissions  catego¬ 
ries,  ranging  down  to  zero  emissions  (e.g.,  2 
percent  of  vehicles  sold  in  1998  must  be  zero- 
emission  vehicles).  New  York  and  Massachu¬ 
setts  have  decided  to  adopt  the  Cahfornia 
LEVP.  As  with  the  CAAA  clean  fuels  require¬ 


ments,  CARB  believes  that  reformulated  gaso¬ 
line,  perhaps  in  conjunction  with  modified 
emission  control  systems,  will  satisfy  most  and 
perhaps  all  of  the  emission  categories  except 
the  Zero-Emission-Vehicle  (ZEV)  require¬ 
ment,  which  probably  can  be  satisfied  only 
with  an  electric  vehicle  or  a  fuel  cell  vehicle 
that  uses  onboard  hydrogen  as  fuel.  Some  ob¬ 
servers  have  criticized  the  ZEV  requirement 
because  it  fails  to  consider  total  fuel-cycle 
emissions  and  thus  might  place  promising 
technologies  such  as  ICE-electric  hybrid  ve¬ 
hicles  at  a  disadvantage.  *26  The  next  most 
stringent  category,  for  Ultra  Low-Emission  Ve¬ 
hicles,  may  generate  alternative  fuel  use  even 
if  reformulated  gasoline  can  satisfy  its  require¬ 
ments,  because  of  cost  considerations.  Current 
assessments  of  reformulated  gasoline’s  ability 
to  meet  stringent  emissions  standards  should, 
however,  be  treated  cautiously. 

■The  Energy  Policy  Act  (EPACT)  of  1992  estab¬ 
lishes  a  national  goal  of  10-percent  alternative 
fuel  use  by  2000  and  30  percent  by  2010. 
EPACT  provides  tax  incentives  for  vehicle  pur¬ 
chasers  and  for  service  station  operations.  Spe¬ 
cific  acquisition  requirements  are  placed  on 
federal  fleets,  with  potential  requirements  for 
fleets  run  by  state  and  local  governments.  Half 
of  these  nonpetroleum  replacement  fuels 
would  have  to  be  produced  domestically.  Thus, 
EPACT  could  encourage  the  development  of 
methanol  or  ethanol  from  biomass  sources.  Re¬ 
cent  analyses  of  the  projected  market  penetra¬ 
tion  of  alternative  fuel  vehicles  suggest. 


‘24See  footnote 

*■  25d.k.  Gushcc.  Coji»rci>sic>nal  Research  Service,  ".Mternalive  Transportation  Fuels:  Are  ^'hey  Reducing  0 1 1  Imports?”  GRS  Issue  Brief, 
updated  Mar.  8. !  99 .V 

'  ^’'>Dcpendin«  the  cennin  proposed  hybrid  contlguraiions  could  result  in  /ero  tailpipe  emissions  ‘"‘he 

city,  where  they  would  run  in  a  pure  electric  mode,  and  have  ultralow  emissions  on  the  highway.  Depending  on  the  fuel  used  in  the  ICE,  the 
overall  fuel-cycle  emissions  of  hybrids  could  well  be  less  than  BPKVs  when  electricity  powerplant  emissions  are  taken  into  consideration.  This 
might  be  especially  true  for  the  cas.of  iCf-  hvbridsihat  run  on  hydrogen.  Pure  BPEVs  may  be  much  cleaner  on  a  fuel-cycle  basi.s  than  gasoline 
ICE  hybrids.  No  ICE-electric  hybrid  has  yet  been  built  to  compare  emissions  with  all-electric  vehicles  under  real  driving  conditions.  See  Dcluc- 
cM,  op.  cit,  footnote  91. 
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however,  that  these  goals  will  not  be  achieved 
easily.  ‘'^Without  petroleum  price  increases, 

subsidies,  or  tax  credits  to  quicken  the  pace  of 
product  commercialization,  or  increased  feder¬ 
al  support  of  R&D  activities,  EPACT  goals  will 
likely  not  be  attained  in  the  timeframes  estab¬ 
lished.  Only  3  to  4  percent  of  the  light-duty 
fleet  in  2010  will  likely  be  alternative  fuel  ve¬ 
hicles.'"^ 

In  addition,  the  EPACT  goals  established  by 
Congress  may  not  be  achieved  unless  inconsisten¬ 
cies  with  other  federal  policies  are  addressed.  For 
example,  widespread  adoption  of  some  alterna¬ 
tive  fuels  such  as  methanol  might  be  discouraged 

because  they  are  taxed  at  higher  rates  per  unit  of 
,  ^  I  curreni  fuel  taxation 

energy  than  gasohne. 

policy  docs  not  appear  to  take  full  account  of  the 
unique  characteristics  of  alternative  fuels.  Fuel 
taxation  rates  seem  to  bear  no  relation  to  energy 
conservation  or  environmental  goals.  Policy  mak¬ 
ers  may  wish  to  examine  the  possibility  of  taxing 
each  alternative  fuel  at  the  same  rate  in  dollars  per 
unit  energy.  The  rate  could  be  equal  to  current  gas¬ 
oline  taxes,  reflecting  the  government’s  desire  to 
allow  the  market  to  decide,  or  lower  to  favor  alter¬ 
native  fuels  over  gasoline.  Consideration  could 
also  be  given  to  differential  taxation  rates  that  re¬ 
flect  each  fuel’s  “nonmarket”  characteristics  such 
as  environmental  and  energy  security  impacts,  in 
so  far  as  they  can  be  calculated,  given  the  many 
uncertai  nt  ics. 

Even  if  a  rapid  increase  in  alternative  fuel  use 
occurs  in  coming  decades,  markets  for  renewable 
fuels  still  might  not  emerge.  It  is  quite  possible 
that  methanol  and  hydrogen,  for  example,  would 
be  derived  from  coal  before  biomass.  This  could 
happen  if  natural  gas  supplies  become  scarce  be¬ 
fore  bioenergy  systems  are  commercidized.  From 
an  environmental  perspective,  such  a  scenario 


would  not  be  desirable  (production  of  methanol 
and  hydrogen  from  coal  would  result  in  relatively 
higher  emissions  of  CO,  in  particular  and  possi¬ 
bly  other  air  pollutants).  Therefore,  policy  makers 
might  want  to  consider  how  biomass  fuel  path¬ 
ways  could  be  specifically  encouraged.  One  strat¬ 
egy,  for  instance,  would  be  to  intensify  R&D 
support  of  enzymatic  hydrolysis  efforts  (for  the 
production  of  ethanol  from  woody  and  herba¬ 
ceous  crops).  This  could  serve  as  an  interim  mea¬ 
sure  to  develop  a  crop  production  and  fuel 
transport  infrastructure.  Eventually,  with  further 
development  of  biomass  gasification  technology, 
this  infrastructure  could  be  used  for  the  produc¬ 
tion  and  delivery  of  methanol  and  hydrogen.  Eco¬ 
nomically  competitive  gasification  processing 
would  permit  a  greater  diversity  of  biomass  feed¬ 
stocks  to  be  exploited. 

Vehicles  that  run  on  ethanol  or  methanol  from 
biomass  feedstocks,  or  on  hydrogen  produced 
from  biomass  or  renewably  generated  electricity, 
offer  the  possibility  of  extremely  clean  and  high- 
performance  transportation.  However,  consider¬ 
able  R&D  is  necessary  to  bring  down  production 
costs  of  these  alternative  fuels,  and  in  the  case  of 
hydrogen,  to  develop  adequate  storage  technolo¬ 
gies.  If  funding  for  biomass  conversion  programs 
were  to  be  significant  1  y  reduced,  this  would  likely 
prove  to  be  quite  damaging  to  biofuel  commer¬ 
cialization  efforts.  Because  there  are  a  number  of 
challenges  associated  with  the  production  and  use 
of  hydrogen  as  a  fuel,  government  support  is  prob¬ 
ably  necessary  to  ensure  that  some  types  of  R&D 
are  carried  out. 

I  Vehicle  Technologies 

In  terms  of  vehicle  technology,  multiple  R&D  op¬ 
tions  exist,  including  R&D  tax  credits;  direct  fi¬ 
nancing  of  R&D  through  government  labs, 


Dcpariinont  of  Hiiergy.  Energy  Information  Administration.  Assumptiom  for  the  Annual  Ourlook,  1993,  DODEIA- 

0527(93)  (Washingtrm,  IX':  January  1993). 

Gushoe  and  S.  l..az/aTj,  Congressional  Research  Service,  “Disparate  Impacts  of  Federal  and  Slate  Highway  Titxcs  on  Alternative 
Motor  Fuels/*  Mar.  12,  1993, 
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TABLE  4-7:  DOE  Funding  of  Advanced  Batteries,  I 

Electric  Vehicle  Systems,  and  Fuel  Cells  {$  millions)  | 

FY  1993 

FY1994 

FY1995 

Advanced  batteries 

$312 

$358 

$286 

Fuel  cells 

119 

193 

230 

Electllc  vehicle  systems 
(primarily  hybrid  vehicles) 

167 

188 

382 

Total 

$598 

$73.9 

$899 

U  5  Oepenh-nerx*  cl  Eoorc 

fy  ry  1996 

' tK.'dge! v'o! ,  DOf  ■  C 00.^0 

iWa.?h-'’:rgoo  DC 

'trbrufjfv  lOO  v': 


university  research  grants,  or  private  contracts; 
and  joint  public-private  partnerships.  Successful 
development  and  domestic  production  of  high- 
performance  vehicles  could  allow  the  large  U.S. 
trade  imbi.dance  for  vehicles  and  parts,  currently 
at  about  $45  billion  per  year,  to  be  reduced.  '30 
Many  of  the  vehicle  technologies  receiving 
federal  R&D  support  offer  the  promise  of  im¬ 
proved  energy  efficiency  and  environmental  qual  - 
it  y.  As  discussed  earlier,  the  fuel  cell  vehicle  is  the 
technology  that  potentially  offers  the  most  bene¬ 
fits,  but  a  number  of  serious  cost  and  engineering 
bairiers  must  be  surmounted  before  commercial¬ 
ization  can  occur.  If  system  integration  challenges 
can  be  met,  ICE-hybrid  vehicles  could  potentially 
offer  a  mid-term  solution  until  /CV  technologies 
are  fully  developed.  Battery  -powered  electric  ve¬ 
hicles  are  also  an  attractive  option,  but  major 
breakthroughs  in  battery  technology  will  prob¬ 


ably  be  needed  if  they  are  to  expand  beyond  niche 
markets. 

Department  of  Energy  R&D  support  of  these 
technologies  amounted  to  nearly  $60  million  in 
FY  1993.  ""Research  on  fuel  cells,  hybrids,  and 
advanced  batteries  increased  25  percent  in  FY 
1994  (see  table  4-7).  As  part  of  the  Partnership  for 
a  New  Generation  of  Vehicles  program,  total 
spending  on  fuel  cell  technologies  for  light-duty 
vehicles  could  total  more  than  $440  million 
through  2003.133 

The  strategy  of  pursuing  several  different 
technology  options  is  advantageous  for  a  variety 
of  reasons.  First,  emphasizing  one  particular  fuel- 
vehicl  technology  combination  is  extremely 
risky.  There  is  no  guarantee  that  any  particulai* 
technology  will  ever  satisfy  the  cost  constraints 
required  for  large-scale  commercialization.  Al- 


*  ’"U.S.  Depanmcni  International  Trade  Administration.  U.S.  hulusiry  Outlook  (Washington.  IX  •.  l.’.S.  ti<ncnnnerit 

Printing  OlUce.  Janoars  ;994j.  p.  .^5- 1. 

■  'Mn  addition  to  DOP;.  the  rX'parimcni  of  Transportation  (TX)T)  and  the  Advanced  Research  Projects  Agones  (AR PA)  .sponsored  electric 
vehicle  research.  In  TY  DOT'S  appropriation  was  S !  2  million  for  electric  vehicle  RsV  D.  white  S25  million  was  appropriated  lor  ARPA 
pioarains  in  h'Y  i  V9.T  In  TY  1994,  ARPA  announced  a  S2.4  million  program  to  advance  the  state  of  the  aU  in  PlAt  and  solid  oxide  lucl  ced 
icchnologics.  ARP.A  funding  is  set  uji  on  a  ctisi-shannc  ha^is  with  the  private  sector. 

'  '-In  September  i  WS,  the  White  House  announced  the  signing  ot  un  agrocmciu  Iviween  the  federal  govevnmom  and  the  dueo  domestic 
automakers  designed  to  create  a  jHibljc-pri  v  ate  partnership  to  develop  a  new  generatmn  of  vehicles  up  to  three  lifoes  more  el  t  icient  than  c(  inven- 
tional  vehicles. 

5  ^  ^Scc  Mary  Good.  Undersecretary  ofToehnology.  U..S.  I>cp;irtment  of  Commerce,  re.stimony  ai  hoaring.s  Ix'fore  the  Hou^c  Committee  on 
Science.  Space,  ami  'Vechnolocy.  SuKrommiitee  on  Tcchnoltigy.  Hnvirotiment.  and  Aviation.  Ma>  19,  1994. 
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though  more  expensive  in  the  short  term,  a  federal 
R&D  portfolio  that  explores  many  different 
technologies  increases  the  likelihood  that  a  low- 
emission,  high-efficiency  vehicle  technology  will 
actually  be  introduced  to  the  market.  '34 

Secondly,  a  diverse  R&D  portfolio  can  take  ad¬ 
vantage  of  synergies  that  cut  across  technologies. 
For  instance,  load  reduction  is  central  to  all  ve¬ 
hicle  technologies;  thus,  reductions  in  aerody¬ 
namic  drag  or  vehicle  mass  could  be  applied  to 
ICEVs,  hybrids,  FCVs,  or  BPEVs,  Advances  in 
hydrogen  storage  technology  could  benefit  corre¬ 
sponding  FCVs,  hybrid  vehicles,  and  ICEVs. 
Similarly,  advances  in  electric  drivetrain  technol¬ 
ogies  can  be  applied  not  only  to  BPEVs,  but  also 
to  fuel  cell  and  hybrid  systems.  Given  the  exis¬ 
tence  of  such  complementary  relationships 
among  different  technologies,  a  multipronged 
R&D  effort-if  properly  designed-can  ensure 
that  promising  fuel-vehicle  pathways  are  not 
abandoned  prematurely.  Parallel  development  ef¬ 
forts  could  focus  on  energy  storage  technologies 
(e.g.,  battery  storage  or  fuel  storage),  electric  drive 
technologies,  and  powerplant  systems  such  as  fuel 
cells,  gas  turbines,  or  advanced  internal  combus¬ 
tion  engines.  Extensive  interaction  between  these 
development  teams  would  be  needed.  Key  ele¬ 
ments  from  these  modules  could  then  be  com¬ 
bined  in  prototypes  for  different  vehicle  systems. 
Still,  some  focused  R&D  efforts  could  accelerate 
the  introduction  of  particularly  promising  tech¬ 
nology  pathways.  For  example,  a  hydrogen  hy¬ 
brid  demonstration  program  could  expedite  the 
development  of  hydrogen  engine  and  storage  sys¬ 
tems  and  thereby  create  momentum  for  the  devel¬ 
opment  of  a  hydrogen  fuel  distribution  system. 


Should  there  be  substantial  cutbacks  in  govern¬ 
ment  R&D  programs,  introduction  of  less  mature 
alternative  vehicle  technologies,  such  as  FCVs 
and  some  types  of  hybrid  vehicles,  could  be 
delayed.  For  instance,  DOE  now  has  significant 
cost-sharing  arrangements  with  industry  that 
could  be  affected  by  cutbacks  in  funding.  Regula¬ 
tory  pressures  and  competition  from  foreign  coun¬ 
tries  could  keep  up  some  of  the  momentum  that 
has  been  building  in  the  private  sector  for  develop¬ 
ment  of  these  technologies,  but  perhaps  not  at  the 
same  scale  that  exists  now.  For  example,  it  is  rea¬ 
sonable  to  expect  that  electric  vehicle  R&D  will 
continue  and  production  will  increase  as  Califor¬ 
nia  ZEV  requirements  take  effect. 

CONCLUSION 

Even  if  economic  and  technical  barriers  can  be 
overcome,  the  successful  introduction  of  ad¬ 
vanced  automotive  propulsion  systems  that  use 
renewable  fuels  will  be  only  a  partial  solution  to 
our  society’s  transportation  problems.  The  issues 
of  congestion,  highway  safety,  and  the  overall  ef¬ 
ficiency  of  the  transportation  system  will  still 
need  to  be  addressed.  Settlement  patterns  and  the 
role  of  mass  transit  must  be  considered  as  part  of 
any  policy  strategy  that  seeks  to  modify  the  way  in 
which  people  travel.  '35  For  the  foreseeable  future, 
however,  the  strong  preference  of  American  citi¬ 
zens  for  personal  transport  is  unlikely  to  change. 
Thus,  the  evolution  of  vehicle  technologies  that 
utilize  renewable  energy  sources  will  bean  impor¬ 
tant  element  of  the  nation’s  effort  to  improve  ener¬ 
gy  efficiency,  reduce  oil  imports,  and  minimize 
disruption  of  the  environment. 


in  the  present  strategy  of  the  DOE  Advanced  Vehicle  Propulsion  Program.  Venkateswaran  and  Brogan,  Op.  cit.,  footnote  3. 
*  ^^For  a  detailed  discussion  of  these  issues  see  Office  of  Technology  Assessment,  op.  cit.,  footnote  J 
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Renewable  energy  technologies  (RETs)  have  the  potential 
to  contribute  significantly  to  electricity  supplies  in  a  cost- 
effective  and  environmentally  sound  manner.  More  than 
one-third  of  all  U.S.  energy  goes  to  producing  electricity, 
so  the  market  for  generating  technologies  is  huge.  'Bioenergy, 
geothermal,  hydropower," photovoltaic  (PV),  solar  thermal,  and 
wind  RETs  are  discussed  in  this  chapter.  The  cost  of  these 
technologies  over  time,  their  potential  environmental  impacts, 
and  the  nature  and  degree  of  their  respective  contributions  will 
vary  with  the  particular  RET  and  its  relative  maturity,  the  locally 
available  renewable  energy  resources,  the  specific  application, 
and  the  effectiveness  with  which  a  variety  of  market  challenges 
are  met.  Other  technologies,  such  as  ocean  thermal  energy  con¬ 
version  and  solar  ponds,  appear  to  have  less  potential  and  have 
been  dropped  from  federal  research,  development,  and  demon¬ 
stration  (RD&D)  efforts;  they  are  not  discussed  here. 

This  chapter  examines  four  themes:  1)  the  status  and  role  of 
RETs  applicable  in  the  electricity  sector,  and  their  associated  in¬ 
dustries,  2)  the  integration  of  these  RETs  into  remote  applications 
and  electricity  grids,  3)  RD&D  challenges  that  need  to  be  over¬ 
come  in  order  to  commercialize  these  technologies,  and  4)  techni¬ 
cal  and  policy  issues  associated  with  further  development  of 


*  The  electricity  sector  share  of  U.S.  energy  consumption  has  increased  from  25  per¬ 
cent  in  1970  to  36  percent  in  1990. 

2  Hydropower,  of  course,  has  long  been  a  major  low-cost  contributor  to  and 
world  electricity  supplies.  In  1992,  hydropower  provided  8.5  percent  of  U.S.  electricity. 
See  U.S.  Department  of  Energy,  Energy  Information  Administration,  Annua}  Emrsy  Re- 
view,  1992,  OSDOE/ElA  Report  0384(92)  (Wa.shington,  DC:  U.S.  Government  Printing 
Office  June  1993). 
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BOX  5-1 :  Fossil-Fueled  Electricity:  The  Baseline 


Fossil  fuels  currently  power  most  electricity  generation  In  the  United  States.  Steam  boilers,  gas  tur¬ 
bines,  and  diesel  engines  are  the  primary  fossil-fueled  technologies  today  New  technologies  becoming 
available  Include  fluidized  bed  systems  for  more  efficieritly  and  cleanly  burning  coal,  gasification  systems 
for  gasifying  coal  as  a  fuel  for  gas  turbines,  various  combinations  of  gas  turbines  and  steam  turbines  in 
“combined  cycles”  so  as  to  Improve  overall  system  efficiency,  and  advanced  gas  turbine  cycles  such  as 
the  combined  cycle  or  the  intercooled  steam-injected  gas  turbine  Efficiencies  of  advanced  cycles  are 
expected  to  reach  60  percent  and  above  within  two  decades.  I 

Costs  of  electricity  from  various  fossil-fueled  systems  typically  range  from  roughly  40  to  60/kWh  for 
baseload  systems  and  higher  for  load  following  and  peaking  power  These  costs  depend  strongly  on  the 
availability  and  price  of  fuel.  Fossil-fueled  systems  have  relatively  low  capital  costs,  high  reliabilities,  and  a 
well-developed  base  of  experience,  this  makes  them  formidable  competitors  to  renewable  energy  technol¬ 
ogies  (RETs).  Technical  advances  will  allow  fossil-fuel  technologies  to  continue  to  be  formidable  competi¬ 
tors  with  RETs  for  some  time  to  come. 


^  Douglas  J  Smith,  “Advanced  Gas  Turbines  Provide  High  Efficiency  and  Low  Fmisssons  Power  Engineenng,  March  1994,  pp 
23-27,  and  Paolo  Chiesa  et  al ,  ■'Predicting  the  Ullimale  Performance  of  Advanced  Power  Cycles  Based  on  Very  High  Temperature 
Gas  Turbine  Engines.”  paper  presented  at  the  American  Society  of  Mechanical  Engineers,  Turbine  Congress,  Cincinnati.  OH, 
1993 


RETs  for  electricity  generation.  Chapter  6  com¬ 
plements  this  chapter  by  exploring  many  of  the  fi¬ 
nancial  and  institutional  issues  associated  with 
RETs  in  electric  power  applications. 

The  cost  of  electricity  generated  by  several  of 
these  RETs  has  dropped  sharply  over  the  past  two 
decades  with  technological  advances  and  modest 
commercialization  efforts.  For  example,  the  cost 
of  PV-generated  electricity  decreased  by  a  factor 
of  three  and  the  cost  of  wind-generated  electricity 
decreased  by  a  factor  of  five  between  1984  and 
1994.  Substantial  field  experience  has  been 
gained  with  several  of  these  RETs  as  well.  For  ex¬ 
ample,  some  8  GW  of  bioenergy,  2  GW  of  geo¬ 
thermal,  1.7  GW  of  wind,  and  354  MW  of  solar 
thermal  electricity-generating  capacity  were 
installed  in  the  United  States,  and  some  190  MW 
of  PV  capacity  was  installed  globally  between 
1980  and  1990. 

RETs  such  as  biomass,  geothermal,  hydro,  and 
wind  can  be  cost-competitive  with  conventional 
energy  technologies  today  (see  box  5-1  ),  depend¬ 
ing  on  resource  availability  andlor  cost.  (Their  use 
may  be  limited,  however,  by  a  variety  of  financial, 
tax,  and  institutional  challenges,  as  described  in 


chapter  6.)  Other  RETs,  such  as  PVS  and  solar 
thermal,  are  generally  more  expensive  and  are  cur¬ 
rently  limited  to  higher  value  applications,  but 
have  the  potential  to  be  widely  competitive  in  the 
mid-term. 

Electricity  generation  costs  for  several  of  these 
RETs  are  widely  expected  to  continue  to  decline 
with  further  RD&D  and  as  markets  continue  to  de¬ 
velop  and  allow  larger  scale  production  and 
associated  economies  of  scale  and  learning.  This 
will  make  these  technologies  cost-effective  in  an 
increasingly  wide  range  of  apphcations  even 
without  considering  their  environmental  benefhs. 
Cost,  performance,  and  market  advances  for  each 
of  these  technologies  and  their  applications  are 
discussed  below. 

RENEWABLE  ENERGY  TECHNOLOGIES 
AND  INDUSTRIES 

Renewable  resources  in  the  United  States  are  very 
large,  with  one  or  more  resources  available  almost 
everywhere.  As  discussed  in  chapter  1,  site  speci¬ 
ficity,  availability,  and  resource  intensity  need  to 
be  addressed  in  any  particular  application.  The 
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status  and  potential  of  these  renewable  energy  re¬ 
sources  and  technologies/ and  the  industries  that 
are  developing  and  applying  them,  have  changed 
significantly  in  the  past  two  decades. 

I  Biomass 

Biomass  residues  have  long  been  burned  by  the 
forest  products  and  other  industries  to  generate 
process  steam  and  electricity.  As  discussed  in 
chapter  2,  a  growing  awareness  of  the  potential  of 
dedicated  bioenergy  crops  to  improve  the  environ¬ 
ment  (including  offsetting  sulfur  oxides  (S  OX)  and 
greenhouse  gas  emissions  (carbon  dioxide)  by 
fossil  fuels),  aid  the  rural  economy,  and  reduce 
federal  agricultural  expenditures  have  prompted 
renewed  interest  in  this  resource.  Biomass  re¬ 
sources  and  technologies  are  described  in  box  5-2. 

Roughly  8,000  MW  of  bioelectric^ capacity  is 
currently  grid  connected  in  the  United  States, 
compared  with  less  than  200  MW  in  1979.  Addi¬ 
tional  bioelectric  capacity  is  operated  off-grids 
Steam  turbines  are  now  used,  but  a  variety  of  new 
fuel  handling  and  energy  conversion  technologies 
such  as  whole-tree  burners  and  integrated  gasifi¬ 
cation  advanced  gas  turbine  systems  (including 
combined-cycle  turbines  and  steam-injected  gas 
turbines)  promise  to  nearly  double  current  effi¬ 
ciencies  and  substantially  reduce  costs  (see  box 
5-2\ 


As  biomass  is  “stored  solar  energy,  ”  it  can  be 
used  as  needed  to  provide  power  in  baseload  or 
load  following  applications  (see  box  5-3).  This 
makes  biomass  a  very  important  complement  to 
intermittent  renewable  such  as  wind  and  solar, 
which  provide  electricity  only  when  the  wind 
blows  or  the  sun  shines.  Biomass  can  also  be  co¬ 
fired  with  coal,  a  potentially  important  near-term 
application  for  reducing  SO^ emissions,  among 
other  benefits,  and  thus  may  stimulate  the  market 
for  biomass  production.  Of  course,  the  relative 
'^alue  of  biomass  for  electricity  generation  must 
be  compared  with  its  use  for  producing  liquid  or 
gaseous  fuels  (see  chapter  4),  for  pulp  and  paper, 
or  for  other  applications. 

The  bioelectricity  industry'’ is  among  the  most 
diverse  among  RETs.  It  includes  forest  products 
companies,  such  as  Weyerhauser,  which  ha  ve  long 
cogenerated  electricity  at  pulp  and  paper  plants,  as 
well  as  nonutility  generators  (NUGs)  such  as 
Wheelbrator  and  Thermo  Electron.  Equipment 
manufacturers  include  those  that  produce  convey¬ 
ing  equipment,  boilers,  electrical  machinery,  and 
controls.  The  industry  also  includes  a  number  of 
biomass-specific  equipment  manufacturers  such 
as  Morbark  Industries  or  Hallco  Manufacturing. 
The  transition  to  advanced  gas  turbines  will  in¬ 
clude  manufacturers  such  as  General  Electric  and 
Pratt  &  Whitney.  Engineering  and  const*  ction 


''  RlVr<;have  been  extensivclv  reviewed  elsewhere  and  so  are  only  briefly  examined  here.  RETs  not  examined  here  include  ocean  energy 
technologies  (ocean  thermal  energy  conversion,  wave  energy,  tidal  energy),  additional  biocnergy  technologies  (e.g.,  anaerobic  digestion  to 
produce  methane,  municipal  solid  wastes),  fuel  cells  (chapter  4),  energy  storage  technologies,  and  new  transmission  and  distribution  technolo¬ 
gies.  For  further  information,  see  World  Energy  Council,  Renewable  Energy  Resources:  Opponuntu'esan/i  Constraints  /990  -2(?20  (London, 
UK:  World  Energy  Council,  1993);  Thomas  B.  Renewable  Energy:  Sources  for  Fuels  and  Electricity  (Washington,  DC: 

Island  Press,  1993);  U.S.  Department  of  Energy,  Office  of  Conservation  and  Renewable  Energy,  “Renewable  Energy  Technology  Evolution 
Rationales,  ’’draft,  Oct.  5,  1990;  California  Energy  Commission,  Energy  Technology  Status  Report iSacT^mcnlO,  CA:  June  1990);  John  Doyle  et 
al..  Summary  of  New  Genera(ion  Technologies  and  Resources  (San  Ramon,  CA:  Pacitic  Gas  and  Electric  Co.,  1993);  and  American  Solar  Ener¬ 
gy  Society,  Progress  in  Solar  Energy  Technologies  and  Applications  (Boulder,  CO:  January  1994). 

Most  of  this  capacity  is  based  on  burning  wood  from  the  forest  products  industry.  Roughly  2,000  MW  of  municipal  solid  waste  electricity- 
generating  capacity  is  also  included  in  this  estimate.  AgriculUtral  residues  and  landfill  gas  account,  very  roughly,  for  about  500  MW  of  capacity. 

^American  Solar  Energy  Society,  op.  cit.,  footnote  3,  p.  36. 

For  companies  active  in  developing  biocnergy  equipment  and  powerplanis.  see ‘''Die  I International 

petitive  Power  Industry  Directory,”  Independent  Energy,  December  1994;  and  Susan  Williams  and  Kevin  Porter.  Power  P lavs:  Profiles  of 
America's  independent  Renewable  Eleciricitv  Developers  (Washington,  DC:  Investor  Responsibility  Research  Center,  1989). 
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BOX  5-2:  Biomass  Energy  Resources  and  Technologies’ 


Biofuels— primarily  from  forest,  agricultural,  or  municipal  solid  waste  residues— currently  provide 
about  3  EJ  (2.9  Quads)  or  3.5  percent  of  U.S.  primary  energy  (see  table  2-2  in  chapter  2)  These 
resources  are  now  increasingly  committed  in  some  areas.  For  example,  spot  market  prices  for  bio¬ 
mass  in  northern  California  have  sometimes  reached  $250  to  $3.75/GJ  ($2,60  to  $3  90/MMBtu) 
— as  much  as  twice  the  normal  cost,  prompting  the  hauling  of  wood  in  from  as  far  away  as  Idaho, ^ 
Consequently,  Interest  in  growing  dedicated  energy  crops  has  developed  (see  chapter  2), 

The  physical  and  chemical  composition  of  biomass  feedstocks  varies  widely,  potentially  requir¬ 
ing  some  tailoring  of  fuel  handling  and/or  conversion  technologies  to  specific  biofuels,  The  relatively 
low  bulk  densities  of  biomass  and  large  required  collection  areas  limit  the  amount  of  biomass  at  any 
given  site,  with  implications  for  the  choice  of  generation  technology,  system  efficiencies,  and  econo¬ 
mies  of  scale. 

Technologies 

To  generate  electricity,  biomass  can  be  cofired  with  coal  in  conventional  coal  plants,  separately 
burned  in  steam  plants,  or  gasified  to  power  gas  turbines,  fuel  cells,  or  internal  combustion  engines, 
among  others, ®AII  of  these  uses  of  biomass  are  analogous  to  their  fossil-fuel  counterparts, 

Virtually  all  biomass  electric  plants  use  steam  turbines,  which  are  generally  small  scale  (typically 
10  to  30  MW,  with  few  over  50  MW)  due  to  the  limited  amounts  of  biomass  typically  available  at 
particular  sites.  Thus,  they  usually  do  not  incorporate  certain  heat  recovery  equipment  common  to 
larger  systems,  and  their  efficiency  tends  to  be  low— I  7  to  23  percent  in  California,  for  example," At 
larger  scale  sites,  efficiency  is  higher.  For  example,  the  50  MW  plant  in  Burlington,  Vermont,  has  an 
efficiency  of  28  percent.  In  comparison,  modem  coal  plants  are  much  larger  and  typically  run  at  35 
percent  efficiency,® Very-large-scale  biomass  steam  plants  would  likely  have  efficiencies  roughly 
comparable  to  coal,  but  these  scales  may  be  limited  by  the  large  collection  areas  required  and  the 
corresponding  problems  of  land  availability  and  transport  cost, 

Steam  turbine  technology  is  fairly  mature  and  few  advances  are  foreseen  for  biomass  improve¬ 
ments  are  possible,  however,  in  biomass  handling  Whole-tree  burners,  for  example,  are  under  de¬ 
velopment  and  may  reduce  the  required  handling,  increase  net  energy  efficiencies  silghtly,  and 
avoid  the  cost  of  chipping  the  wood  before  burning  It  This  might  save  about  one-third  of  the  cost  of 
harvesting  and  delivering  the  biomass  to  the  powerplant.® 


’Bioenergy  resources,  technologies,  and  environmental  Impacts  are  discussed  at  greater  length  in  Thomas  B  Johansson  et  al 
(eds),  Renewable  foergy  Sources  for  Fuels  sod  {Electricity  (Washington,  DC  Island  Press.  1993),  U  S  Department  of  Energy,  “Elec¬ 
tricity  from  Biomass  Mationat  Biomass  Power  Program  Five-Year  Plan  (PT 1 994-FY 1998),  ”  draft,  April  1993,Biaif  G  Swezey  et  al ,  The 
Potential  Impsct  of  F?(ternafi!ieRConsi(JeratiQns  on  the  Market  for  Biomass  Power  Technologies,  NBEL’TP-462'S789  (Golden  CO 
Natlcnal  Renewable  Energy  Laboratory,  February  1994),  and  Antares  Group,  Inc  “Electricity  from  Biomass  An  Environmental  As¬ 
sessment  and  Strategy,  ”  draft,  January  1993 

*George  A  Hay  III  et  al  Summary  of  New  Generation  Technologies  and  Resources  (San  Ramon.  CA  PacificGas  and  Electric 
Co  ,  Jan  8, 1993) 

3  Biomass  can  also  be  converted  to  ethanol,  methanol,  hydrogen,  or  pyrolysis  oils,  among  others  or  burned  for  Space  heat  in  the 
residential/commercial  sector  or  for  process  heat  in  Industry 

"Jane  Turnbull,  Electric  Power  Research  Institute,  personal  communcalion,  August  1993  In  comparison  Williams  and  Larson 
estimate  these  efficiencies  at  14  to  18  percent  See  Robert  H  Williams  and  Eric  D  Larson  “Advanced  GasificatiorvBasec  Biomass 
Power  Generation, "  tn  Johansson  et  ai  (eds),  op  cit ,  footnote  1 

•*>  See,  e  q  Electric  power  Research  Institute,  TAGTM  Technical  Assessment  Guide  Electricity  Supply—  7989  EPR!  P-6587-L,  vol 

1 ,  Rev  6  (Palo  Alto,  CA  September  1989) 

eLesiieLamarre'ElectrIcilyfrom  Whole  Trees,  ”EP/?/Jpu;na/ January/February  1994,  pp  16-24  and  Stephen  A  johnstcnetai , 
Who/e  Tree  Energy  Design:  Report  TR- 101 564,  2  vois  (Palo  Alto,  CA  Electric  Power  Research  Institute  December  1993 
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BOX  5-2  (cont'd.):  Biomass  Energy  Resources  and  Technologies^ 


A  potentially  higher  efficiency  and  more  economic  alternative  to  ihe  steam  turbine  is  to  gasify  the 
biomass  and  then  use  the  gas  generated  to  fuel  a  hlgh-efficlency  gas  turbine  system.  Gasification/ 
gas  turbine  technologies  are  now  being  developed,  primarily  for  coal.  Biomass  gasifies  at  lower 
temperatures  and  more  quickly  than  coal,  reducing  relative  gasification  costs  After  the  biomass  is 
gasified,  the  gas  products  are  cleaned  of  particulate  and  other  contaminants  before  being  burned 
In  a  steam-injected  gas  turbine,  a  combined  cycle,  or  other  configuration /There  appears  to  be  a 
basic  understanding  of  the  means  for  adequately  cleaning  gases  for  gas  turbine  applications  with 
either  fluidized  bed  gasifiers* or  updraft  gasifiers,  although  there  has  been  no  commercial  demon¬ 
stration  of,  in  particular,  alkali  removal 

Relatively  small  (5  to  100  MW.)  biomass  gasifier/gas  turbine  systems  are  expected  to  have  much 
higher  efficiencies  and  lower  unit  capital  costs  (dollars  per  kilowatt  hour)  than  steam  turbine  sys- 
tems/The  upper  end  of  this  range  is  probably  near  the  practical  upper  limit  on  the  size  of  a  bio¬ 
mass  Installation  due  to  the  cost  of  transporting  large  quantities  of  biomass  long  distances. 

Seme  have  also  proposed  to  use  fuel  cells  with  biomass  gasification  systems  in  the  longer  term. 
The  relatively  small  scale  of  fuel  cells  might  allow  such  systems  to  be  located  on  a  single  farm,  re¬ 
ducing  some  of  the  transport  and  handling  costs  and  benefiting  farm  income.  There  remain,  how¬ 
ever,  significant  technical,  logistical,  managerial,  and  other  challenges  in  realizing  such  systems 

Biomass  systems  are  now  cost-competitive  in  many  areas  where  a  low-cost  waste  feedstock  is 
available.  Higher  cost  dedicated  energy  crops  used  with  these  higher  efficiency  systems  are  pro¬ 
jected  to  be  cost-competitwe  in  the  future  across  a  wide  range  of  conditions.  The  cost  of  biomass¬ 
generated  electricity  is  expected  to  be  in  the  range  of  roughly  50  to  7.50/kWh  In  the  year  2000  with 
the  introduction  of  advanced  gasification-gas  turbines  or  other  high-performance  systems.  ‘  Costs 
Will  thereafter  decline  modestly  with  Incremental  improvements  in  crops  and  equipment.  The  Electric 
Power  Research  Institute  recently  estimated  that  biomass-generated  electricity  could  cost  as  little  as 
4.60/kWh  in  the  near  term  using  whole  tree  burners 

Environmental  Impact 

Burning  or  gasifying  biomass  in  a  powerplant  generates  much  less  sulfur  oxides  (SO,)  than  coal, 
but— as  with  any  combust!  n  process— does  produc;^  nitrogen  oxides  (NOx),  depending  on  the 
combustion  chamber  temperatures  It  also  generates  particulate,  volatile  organic  compounds,  and 
various  toxics.  Criteria  pollutants  such  as  carbon  monoxide,  NO,,  SO,,  and  particulate  are  reason¬ 
ably  well  understood,  and  emissions  should  meet  air  quality  standards. 


•Hot  gas  cleanup  avoids  cost  and  efficiency  penaloyords,  and  pressurization  gasification  avoids  energy  losses  associated  with 
compressing  the  fuel  gas  after  gasification  It  is  necessary,  however,  to  remove  trace  amounts  of  alkali  vapor  from  the  gas  before  it 
enters  the  gas  turbine 

•E  Kurkela  et  al ,  “Removal  of  Particulaias.  Alkali,  and  Trace  Metals  from  Pressurized  Fluid-Bed  Biomass  Gasification  Products— 
Gas  Cleanup  for  Gas  Turbine  Applications,.-  and  Donald  LKlassfed  )  (Chicago,  IL  Insfitute  of  Gas  Technology, 

1991} 

*Th)s  also  holds  true  even  for  much  larger  steam  systems 
iO^pg^gRoyal  Resources  Corp  “Electro- Farming,  ”  .jar/ 

MijS  Department  of  Energy. ‘Rene-wableGnergy  Technology  Evolution  Rationales,  "  araft,  October 
^^  '  NARUC  Hails  Biomass,  PV"  ieffer.  Jan  6.  1995.  p  3 

Antares  Group  inn  Op  cit  footnote  t 
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BOX  5-3:  Utility  Opera' 


There  are  significant  daily,  weekly,  seasonal,  and  annual  variations  in  power  demand  that  a  utility  must 
meet.  The  utility  operates  a  range  of  different  equipment  so  as  to  meet  this  variable  demand  in  the  most 
cost-effective  manner  possible.  This  equipment  is  conventionally  divided  into  three  categories  baseload, 
Intermediate  (or  load  following),  and  peaking.  Operation  of  this  equipment  is  determined  In  part  by  equip¬ 
ment  costs  and  efficiencies,  operating  hours  and  part-load  operation  performance,  fuel  costs,  and  ramp 
times  (i.e.,  the  time  required  to  warm  up  the  equipment  for  operation  or  to  cool  It  down  between  operational 
times).  Potential  equipment  failure  or  other  problems  are  met  by  reserve  capacity. 

Baseload.  Baseload  plants  are  used  to  meet  the  largely  nonvarying  round-the-clock  load  ^  These  are 
typically  large  (hundreds  of  MWs),  relatively  high  capital  cost  ($1,500/kW)  plants  that  use  low-cost  coal  or 
nuclear  fuels.  Their  high  capital  cosfis  in  large  part  a  consequence  of  being  designed  to  use  low-cost 
fuels,  Because  they  are  operated  for  much  of  the  year,  their  high  fixed  costs  can  be  spread  over  many 
hours  of  operation, 

Intermediate  or  /oad  fo//owhg.  As  the  name  implies,  intermediate  plants  fall  between  baseload  and 
peaking  plants  in  terms  of  the  amount  of  time  they  are  operated,  their  capital  cost,  and  their  fuel  cost,  They 
are  operated  to  meet  much  of  the  normal  daily  variation  in  power  demand 

Peaking,  Peaking  plants  are  run  for  short  periods  of  time  In  order  to  meet  utility  peak  loads,  such  as 
summer  air  conditioning  peaks  or  winter  heating  peaks.  As  these  plants  are  operated  for  short  periods 
over  the  year,  there  are  few  hours  of  operation  to  spread  the  fixed  capital  costs  over.  Consequently,  much 
effort  IS  made  to  minimize  their  capital  cost.  Low  capital  cost  equipment  requires  premium  fuels  such  as 
natural  gas  and  so  fuel  costs  for  these  plants  tend  to  be  high.  Utilities  have  Invested  substantial  time  and 
effort  in  limiting  peak  loads  due  to  the  expense  of  generating  this  power. 


’  Although  there  wfH  likely  be  some  variation  in  output  depending  on  the  use  of  other  generation  units 

2  Note  that ’high"  Capital  cost  here  tsm  the  context  of  conventional  poworplanls  RETs  may  have  a  strniiar  or  higher  capital but 
lower  fuel  costs 


firms  that  develop  these  powerplants  include  Bab¬ 
cock  &  Wilcox  and  Foster  Wheeler.  By  one  esti¬ 
mate,  some  40  to  50  companies  were  involved  in 
or  investigating  developing  bioenergy  projects  in 
the  mid-  to  late  1980s;  that  number  has  decreased 
to  perhaps  20  or  fewer  with  recent  consolida¬ 
tions/ increased  competition  from  natural  gas, 
tightening  bioenergy  supplies  in  some  areas,  and 
other  factors. 

Significant  expansion  of  bioenergy  use  for 
electricity  will  require  the  development  of  dedi¬ 
cated  feedstock  supply  systems,  perhaps  through 
cooperative  agreements  between  agricultural  in¬ 


terests  and  biomass  powerplants  (see  chapter  2). 
The  long  lead  time  and  logistics  of  growing  such 
feedstocks  is  likely  to  be  a  more  significant 
constraint  on  the  development  of  the  bioenergy  in¬ 
dustry  than  manufacturing  the  equipment  and 
building  the  powerplant  systems. 

Research,  Development,  and 
Demonstration  Needs 

RD&D  needs  include  further  developing:  high- 
productivity  crop  varieties  (chapter  2);  equipment 
for  feedstock  harvesting,  transport,  and  handling 


^Jan  Hamrinand  Nancy  Rader,  Investing  in  the  Future:  A  Regulator's  Guide  to  Renewables  (Washington.  DC:  National  Association  of 
Regulatory  Utility  Commissioners,  February  1993). 
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(chapter  2):  feedstock  drying;  gasification  and  hot 
gas  cleanup  technologies  (one  of  the  most  impor¬ 
tant  and  challenging  needs);  slagging  controls; 
complete  biomass  gasification  advanced  gas  tur¬ 
bine  systems;  whole  tree  burner  or  other  minimal 
fuel  preparation  technologies;  pyrolysis  systems; 
and  biomass  fuel  cell  systems.  Some  of  these 
technologies  are  ready  for  scale  up  and  demonstra¬ 
tion  in  pilot  plants. 

Successful  development  of  these  technolo¬ 
gies— for  example,  improved  crops,  harvesting, 
transport,  and  biomass  gasification  advanced  gas 
turbine  systems-coul lead  a  viable  industry 
with  considerable  benefits  for  rural  communities. 
Further,  if  50  GW  of  biomass  electricity  -generat¬ 
ing  capacity  were  realized  by  2020,**  savings,  for 
example,  of  l0/kWh  by  these  RD&D  investments 
would  correspond  to  $3  billion  (1995  constant 
dollars)  of  annual  savings  in  2020.’ Discounted  to 
the  present  at  a  government  rate  of  5-percent  real, 
the  savings  over  the  30-year  lives  of  these  power- 
plants  would  have  a  present  value  of  more  than 
$14  billion.  "’There  would  be  additional  potential 
benefits  to  rural  communities  and  to  the  environ¬ 
ment  (chapter  2).  These  savings  are  roughly  500 
times  the  current  annual  federal  investment  in 
bioelectric  RD&D.  Although  this  hypothetical 
calculation  is  quite  crude,  it  does  suggest  the  po¬ 
tentially  very  significant  leverage  these  RD&D 
investments  could  have. 

I  Geothermal 

Geothermal  electricity-generation  systems  ex¬ 
tract  heat  from  the  ground  to  drive  turbines.  Mod- 


Powerplant  No  18  at  The  Geysers  geothermal  field  m 
northern  Calffomla  This  plant  consists  of  two  55-MW 
single-flash  units. 


em  day  use  of  geothermal  energy  began  in  1913 
with  a  250-kW  turbine  in  Italy,  followed  in  1923 
by  installation  of  a  250-kW  turbine  at  The  Gey¬ 
sers,  California,  and  other  units  at  locations  rang¬ 
ing  from  Iceland  to  Zaire.  Geothermal  resources 
and  technologies  ai*e  described  in  box  5-4. 

Geothermal  systems  are  typically  operated  as 
baseload  power;  substantial  variation  in  output 
may  damage  the  underground  resources  in  some 
cases.  Geothermal  systems  can  potentially  also  be 
operated  in  hybrid  configurations  with  natural  gas 
to  improve  overall  output  and  economics  of 
both.  "Direct  use  of  geothermal  energy  for  space 
heating  is  possible  as  well. 

Some  170  geothermal  powerstations  in  21 
countries  with  5,726  MW  of  electricity  y  generation 
capacity  are  in  operation.’^ The  United  States  has 
the  largest  installed  capacity  with  about  2,500 


^Thismuch  could  be  achieved  by  2(.l  10  according  lo  Electric  Power  Research  Institute,  Siraic}iic'}  for  Arhevin;^o  SuMainahIv.Cican.and 
Cost-EJfeaivc  fitoniijxs  Resource  Alto,  CA:  1993).  This  level  of  deployment  is  unlikely  undercurrent  conditions.  See  chapter  2  for  details. 

'b\ssumjng  a  70-percent  capacity  factor,  All  costs  are  in  1992  dollars.  Of  course,  higher  cost  bioelectric  sysieius  would  probabl)  not  be 
made  use  of  as  widely  as  lower  cost  bif>etecrric  systems. 

t  a  market  rate  of  |  ()-percent  real,  this  would  have  a  present  value  of  $3  billion,  or  1 00  times  tiie  cuircnt  annual  rate  of  investment, 
t  nilectric  power  Research  In'^Ulxitc^Naiural  Ga\  Hybrid  Pfwcr  PUints  for  Gcothehnal  and  Hiomass  Resources.  EpRI  Rp  1671-07  t  Pulo 
Alto,  CA:  December  1992). 

‘'johanssonetal‘^*>  Accounting  office,  Geothermal  /:nfr;?y.OAO Rt:b-D-94-ft4 ^Washington. 

DC.  June  1994). 

^  '  I  vnn  Mcl  .ariv,  Dyncorp..  persona]  communication,  June  1 3. 199.5. 
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BOX  5-4;  Geothermal  Energy  Resources  and  Technologies' 


Geothermal  energy  is  heat  energy  inside  the  Earth— either  remaming  from  the  original  formation  of  the 
Earth  or  generated  by  the  decay  of  radioactive  isotopes  inside  the  Earth.  Only  In  particularly  active  areas, 
such  as  in  volcanic  zones  or  along  tectonic  plates,  is  geothermal  energy  sufficiently  concentrated  and  near 
the  surface  that  It  can  be  used  economically. 

Geothermal  energy  comes  in  four  forms  1)  hydrothermal  fluids,  2)  geopressured  brines,  3)  hot  dry 
rocks,  and  4}  magma.  Hydrothermal  fluids— the  only  commercial  geothermal  resource— are  hot  water  or 
steam  in  porous  or  fractured  rock  at  depths  of  up  to  4,5  km,  and  with  temperatures  ranging  from  90°C  to 
360°C  {190°F  to  680“F),  figure  5-1  maps  their  location, 

Geopressured  brines  are  hot,  salty  waters  containing  dissolved  methane  that  lie  at  depths  of  3  to  6  km 
trapped  under  sediment  layers  at  high  pressures,  with  temperatures  of  90°C  to  200°C  {1900F  to  390°F), 
Proposed  systems  to  tap  geopressured  brines  are  generally  hybrid  systems,  using  both  the  geothermal 
heat  and  burning  the  methane  to  generate  power.  Texas  and  Lousiana  gulf  coast  areas  hold  the  only  major 
geopressured  resources  identified  to  date  (figure  5-1).  Difficulties  in  extracting  this  resource  Include  scal¬ 
ing  (depositing  minerals  on  equipment),  its  relatively  low  temperature  (150°C  or  300T  in  test  wells),  and 
disposal  of  the  brine  produced,  An  experimental  1  -MW  hybrid  geopressured  system  at  Pleasant  Bayou, 
Texas,  has  demonstrated  the  technical  feasibility  of  using  geopressured  resources  for  power  generation, 
but  the  technology  is  not  yet  cost-effective. 

Hot  dry  rock  (HDR)  resources  are  regions  of  exceptionally  hot  rock,  above  150°C  (3000  F),  that  have  little 
or  no  water  in  them  Geothermal  temperature  gradients  mapped  in  figure  5-1  Indicate  the  areas  with  the 
greatest  potential  for  generating  electricity  the  higher  the  temperature  gradient,  the  greater  the  potential. 
Hot  dry  rock  is  a  very  large  potential  resource,  but  needs  further  RD&D  for  It  to  become  a  cost-effechve 
and  commercially  viable  technology. 

Magma  is  molten  rock  with  temperatures  of  roughly  700°C  to  1,200°C  (1  ,300T  to  2,200T)  and  typically 
occurs  at  depths  of  6  to  10  km  Magma  energy  is  the  largest  of  all  geothermal  resources,  but  is  also  the 
most  difficult  to  extract— for  example,  exposing  the  drilling  equipment  to  extremely  hot  conditions  and  the 
possible  explosive  release  of  hot  pressurized  gases.  Cost-effective  use  of  this  resource  appears  unlikely 
for  the  forseeable  future. 

Although  commonly  termed  a  renewable  resource,  geothermal  energy  can  be  depleted  if  oversub¬ 
scribed.  At  The  Geysers  in  Northern  California,  for  example,  typical  pressures  have  dropped  from  the  initial 
level  of  500  psi  in  1960,  at  the  start  of  development,  to  200  psi  by  19892  due  to  the  more  rapid  removal  of 
underground  water  and  vapor  resources  than  the  rate  at  which  they  were  being  naturally  replaced.  One 
response  in  this  particular  case  was  to  reinject  water  into  the  geothermal  field.  Whether  this  can  bring  the 
field  back  to  full  productity  remains  to  be  seen  Extraction  of  heat  may  also  decline  for  other  reasons.  For 
example,  hot  brines  can  leave  mineral  deposits  (scale)  on  equipment  or  plug  the  pores  of  rocks  as  they  are 
removed,  impeding  further  flow 


^  For  a  more  detailed  discussion,  see  H  Christopher  H  Armstead  and  Jefferson  W  Tester,  Heat  Mining  (A/ew  York,  NY  E  &F  N 
Spon  Publishers,  1983),  M  Economides  and  P  Ungemach,  Applied  Geothermics  (New  York,  NY  John  Wiley  &  Sons),  Thomas  B 
Johansson  et  al  (eds ),  Renewable  Energy  Sources  for  fuel  and  Electricity  (Washington,  DC  Island  Press,  1993),  L  Y  Bronickiet  al 
World  Energy  Conference,  “Geothermal  Energy  Status,  Constraints  and  Opportunities"  draft,  April  1992,  U  S  Department  of  Ener¬ 
gy,  Energy  Information  Geothermal  Energy  in  the  Western  United  States  and  Hawau  Resources  and  Projected  Elec¬ 

tricity  Generation  Supplies,  DOE/E  IA-0544  (Washington,  DC  September  1991  ) 

?  John E Mock. tesUmony  at  hearings  before  the  California  Energy  Consen/ation,  Resources,  and  Development  Commission . 

Sect  21,  1989 


Chapter  5  Electricity:  Technology  Development  153 


BOX  5-4  (cont’d.):  Geothermal  Energy  Resources  and  Technologies 


Resource  exploration  and  development  requires  Identifying,  characterizing,  and  tapping  the  resource  | 
through  well  driling  These  technologies  are  similar  to,  but  often  more  demanding  than,  those  used  In  011 
and  gas  well  drilling  Recent  development  of  slim-hole  drilling  may  substantially  lower  costs  for  exploration 
and  characterization  of  the  resource  ^  ^ 

Technologies 

Technologies  for  utilizing  geothermal  resources  for  electricity  production' Include  direct  steam,  single- 
flash,  double-flash,  and  binary  systems  The  simplest  technology  is  the  piping  of  hydrothermal  steam  di¬ 
rectly  from  underground  reservoirs  to  drive  turbines  According  to  the  U  S  Geological  Survey,  high-quality 
steam  resources  are  found  in  the  United  States  only  at  The  Geysers,  Yellowstone  National  Park, 'and  ^ 

Mount  Lassen  'About  1,700  MW  of  capacity  is  based  on  direct  steam  and  is  located  at  The  Geysers  ^ 

Single-flash  units  are  similar,  except  that  they  make  use  of  the  much  larger  and  moi  widespread  re¬ 
source  of  underground  hot  water  Instead  of  steam  When  this  hot  water  is  pumped  to  the  surface  and  the 
deep  underground  pressures  are  reduced,  it  partially  ‘  flashes”  into  steam  in  a  flash-tank  The  steam  then 
drives  the  turbine 

A  double-flash  system  uses  a  second  flash-tank  that  operates  at  pressures  Intermediate  between  the 
pressure  of  the  first  flash-tank  and  air  pressure  Double-flash  systems  are  typically  10  to  20  percent  more 
efficient  than  single-flash  systems,  but  at  the  additional  capital  cost  of  the  second  flash-tank  and  related 
equipment  A  little  over  600  MW  of  capacity  In  the  United  States  is  based  on  single-  or  double-flash  steam 
units 

Binary  systems  pump  hot  water  to  the  surface  and  then  use  a  heat  exchanger  to  transfer  the  heat  to  a 
working  fluid  This  working  fluid  is  vaporized  by  the  heat  and  then  drives  the  turbine  the  cooled  geother¬ 
mal  water  is  returned  underground  via  an  Injection  well  Binary  systems  can  use  lower  temperature  fluids 
than  IS  economically  possible  with  flash  technologies  Binary  systems  also  have  minimal  atmospheric 
emissions  and  reduced  scale  and  corrosion  of  critical  parts  Binary  plants  tend  to  be  small  (5  to  10  MW) 
and  modular,  and  can  often  be  quickly  built  and  Installed  Their  primary  disadvantages  are  higher  capital 
cost  and  some  efficiency  loss  due  to  the  heat  exchanger  Direct  flash  and  binary  systems  are  becoming 
relativiy  mature  technologically  About  200  MW  of  capacity  in  the  United  States  is  based  on  binary  sys-  | 

terns  I 

These  technologies  generally  need  either  air  or  water  cooling  for  efficient  operation,  just  as  for  coal  or  | 

nuclear  steam  plants  Water  may  be  limited  in  some  areas,  using  geothermal  fluids  for  cooling — which  are  , 


3HjO  sonriftf:!r(cPowerRer>f!arr;hinsli!jte,  “Geothennal  Reservoir  Assessment  Based  on  SiirnHoie  Dr  Vo:-met  Ana;v{- 
icai  Method  Volume  2  AppI  ioat;oninl-(aw;it>  EPRl  TR-1 03399  December  1993 

‘Geothermal  energy  can  of  course  be  .^serifor  rtirer.t  heal  applications  as  ranging  from  oisiric!  heating  systems  to  low-f  em- 
porai  jre  industrial  process  heat 

T-Theie  considerable  concern  that  development  of  geothermal  energy  mthe  vtcir.  ly  of  Yerowstoi^eNahoriaiPafX  could  damage 
such  natui  a;  wonders  as  Old  ‘aiihfuiThis  has  led  to  several  legislative  mtliahves to  iimii  such  development  See  e  g  “Old  Faithful 
Protect  Ion  Act  of  1991  hearing  before  the  Senate  CornrsiMee  on  Energy  and  Natural  Resources  Subcommittees  on  Puh:tc  Lands 
Naliocai  Parks  and  Forests  and  on  Mineral  Resources  Development  and  Productfon  Feb  25  1992,  as  well  as  subsequent  debate 
6  lior/il dry  slearri resow ceisreporterjiy  located  near  Cove  Fort  UT  SeeSi;?»ar  Wii:  ,,nir.and  Kevm  porter  Power  Pia/s 

Pfofh'esiof  Afner.r.a  'Jnaependon^  Developers  iWashingtcn  DC  Investor  Respons:bi'iiy  Research  Center 

1989)  p  203 
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BOX  5-4  (cont'd.):  Geothermal  Energy  Resources  and  Technologies 


then  lost  by  evaporation— rather  than  reinfect¬ 
ing  them  into  the  ground  may  affect  the  geo¬ 
thermal  resource/ This  has  been  a  factor  in 
the  decline  of  geothermal  power  output  at  The 
Geysers  in  California,  Air  cooling  costs  more 
and,  in  the  summer,  higher  air  temperatures 
reduce  the  powerplant  generating  capacity 
compared  with  the  winter. 

The  cost  of  generating  electricity  from  geo¬ 
thermal  resources  Includes  the  cost  of  ex¬ 
ploration  for  good  resources,  drilling  wells, 
capital  equipment,  and  operations  and  main¬ 
tenance,  usually  including  rejecting  water 
Into  the  geothermal  reservoir.  Costs  can  be 
competitive  today  compared  with  coal  where 
good-quality  hydrothermal  resources  are 
available.® Cost  projections  are  shown  in  the 
figure;  improved  technologies— particularly  for 
Identifying,  characteriaing,  and  tapping  geo¬ 
thermal  resources— will  expand  the  range  of 
geothermal  resources  that  can  be  tapped  at 
these  costs, 


Cost  Projections  for 
Geothermal-Generated  Electricity 


NOTE  The  cost  of  geothermal  energy  is  expected  to  be  inthe  range  of 
about  40  to  70/kWh  in  the  year  2000,  declining  moderately  in  following 
years,  depending  on  the  geothermal  resource  tapped  and  the  technol¬ 
ogy  used  The  shaded  range  encloses  most  of  the  expert  estimates  re¬ 
viewed,  with  all  estimates  In  constant  1992  dollars  and,  where  neces¬ 
sary,  capital  cost  and  other  estimates  converted  to  0/kWh  using 
discount  rates  of  10  and  15  percent  (with  3  percent  inflation)  High  and 
low  values  developed  by  the  Department  of  Energy  are  shown  as  * 


SOURCE  Off  Ice  of  Technology  Assessment,  based  on  U  S  Depart¬ 
ment  of  Energy,  “Renewable  Energy  Technology  Evolution  Rationales,  ” 
draft,  October  1990,  and  Science  Applications  International  Corp.,  “Re¬ 
newable  Energy  Technology  Characterizations,  ”  draft,  March  1990 


Environmental  Impact 

The  environmental  impact  of  geothermal 
power  varies  with  the  resource  and  the 
technology  used.  Direct  steam  and  flash  sys¬ 
tems  generally  release  gases  to  the  atmos¬ 
phere;  methods  have  been  developed  to  first 

remove  pollutants  such  as  hydrogen  sulfide  before  these  gases  are  released.  Small  quantities  of  brines 
may  also  be  released.  Binary  systems  generally  reinject  all  gases  and  brines  back  into  the  reservoir  so 
have  few  or  no  emissions.  Overall  sulfur  and  carbon  dioxide  emissions  for  geothermal  plants  are  typically 
less  than  4  percent  of  those  by  coal-  or  oil-fired  powerplants.®  Large  quantities  of  cooling  water  may  be 
needed  in  some  cases,  just  as  for  fossil  plants,  Where  geothermal  resources  occur  in  scenic  areas,  partic¬ 
ular  attention  to  siting  and  landscaping  may  be  necessary  if  they  are  to  be  developed.  Land  requirements 
for  geothermal  units  are  generally  quite  small  (see  table  1-2  In  chapter  1),  but  land  may  also  be  needed  in 
some  cases  for  disposal  of  waste  salts  from  geothermal  brines,  There  may  also  be  some  subsidence  of 
land  overlying  wells. 


7  Condensate  from  flash  steam  plants  can  be  used  in  a  cooling  tower  to  evaporate  and  provide  cooling  for  the  Power  cycle  This 
typically  results  in  80  percent  of  the  geothermal  fluid  being  lost  and  only  20  percent  being  available  for  reinjection  in  the  reservoir 
Reiniect ion.  however,  must  be  done  carefully  in  order  to  prevent  excessive  cooling  of  the  reservoir  and  lowering  the  qualify  of  the 
available  geothermal  resource  See  Gerald  W  Brai;nand  H  K  "Pete”  McCiuer,  “Geothermal  Power  Generation  m  United  States, " 
Proceedings  of  the  iEEE.  VOl  81 ,  No  3,  March  1993,  pp  434-448,  see  table  1 
®  Ibid 
9  Ibid 
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MW  net (up  from  about  500  MW  in  1979) 
spread  among  some  70  plants  in  operation  with 
contracted  power  costs  as  low  as  4.60/kWh.  As  of 
1993,  about  1,700  MW  of  this  net  capacity  was  at 
The  Geysers,  California,  and  800  MW  of  capacity 
was  located  elsewhere  in  California,  Nevada,  and 
Utah.  In  addition,  some  300  MW  of  capacity  was 
under  construction  or  announced. 

The  geothermal  industry  has  changed  consider¬ 
ably  over  the  past  10  to  15  years.  Several  major  oil 
companies  and  their  affiliates  were  active  in  geo¬ 
thermal  development  in  the  early  1980s  due  to 
their  expertise  ii  underground  resource  explora¬ 
tion  and  development — the  most  difficult  part  of 
geothermal  energy  development;  all  but  Unocal 
have  now  ended  their  geothermal  activities,"^ and 
Unocal — the  largest  developer — has  recently  sold 
some  of  its  geothermal  properties.  Most  devel¬ 
opers  now  are  small-  to  medium-size  firms  such  as 
California  Energy,  C^alpme,  and  Ormat. 

Until  the  mid-  1980s,  private  companies  gener¬ 
ally  developed  the  geothermal  field  and  sold  the 
steam/hot  water  to  public  utilities,  which  were  the 
primary  owners  and  operators  of  geothermal 
plants  for  power  generation.  Most  recent  geother¬ 
mal  projects  have  been  built,  owned,  and  operated 
by  nonutility  generators  that  developed  both  the 
geothennal  field  and  the  powerplant  and  sell  the 
electricity  to  utilities.  NUGs  ^ow  account  for 


more  than  one-quarter  of  total  geothermal  capac¬ 
ity.  "^Currently,  fewer  than  1U  firms  account  for 

most  of  the  activity  in  geothermal  energy.  Sup¬ 
porting  firms  include  well  drilling  and  geoscience 
companies  and  equipment  suppliers.'" 

Geothermal  development  in  the  United  States 
has  slowed  in  recent  years  due  to  low  growth  in  the 
demand  for  new  generating  capacity  by  many  util¬ 
ities  in  areas  with  good  geothermal  resources;  dif¬ 
ficulty  in  funding  capital-intensive  and  risky 
geothermal  development;  and  low  natural  gas  and 
other  fossil  fuel  prices.  In  addition,  opportunities 
may,  in  some  cases,  be  limited  by  subsidies  for 
competing  technologies.  For  example,  the  U.S. 
Department  of  Energy  (DOE)  plans  to  spend  $135 
million  to  help  build  and  operate  a  100  MW  coal- 
fired  powerplant  in  Nevada  under  the  Clean  Coal 
program,  reducing  the  need  for  other  new  capac¬ 
ity.'*  As  a  result  of  slower  U.S.  growth,  geother¬ 
mal  companies  ai'e  becoming  more  active  in 
overseas  markets.  California  Energy,  for  example, 
is  developing  or  negotiating  projects  in  the  Philip¬ 
pines,  Indonesia,  and  elsewhere." 

Research,  Development,  and 
Demonstration  Needs 

Additional  technology  development  could  be  use¬ 
ful  in  a  number  of  areas,  including:  improving  the 


i4  Capacity  overdrawing  of  the  underground  water  resources,  leaving  a  net  operating 

capacity  of  about  1,700  MW  out  of  about  2,000  MW  iustailed  capacity. 

'n'ieraldW  and  H.K.“^efc'*McClucr, ‘'Geothermal  p..,e,Generation  in  iheUnhcd  States."  Proceedings  of  /ha  IEEE,  March 

pp.  434-448. 

16  5;^^^p.»dium.size  independent  oil  Company  affiliates,  such  as  Freeport- McMoRan  Resource  Partners,  continue  to  he  involved  in  geo 
thermal  development. 

17  For  ihcsaleof  Unocal’.sgeothermadeascholds  to  Magma,  see.  e.g.,  Jeannie  Mandclkcr/'OcoihermarsHoi  prospects."  Independem 

Energy,  November  1993,  pp.  16-19. 

I  a  California  Energy  Company  took  over  Magma  Power  Company  in  December  1994  in  part  due  to  the  need  tor  greater  operational  re¬ 
sources  to  compete  effectively  in  international  markets.  See  Harriet  King,  “Magma  Agrees  to  $950  Million  Otter,  New  YorkTimes,  Dec.  6, 
1994;  and  “Cal.  Energy  Hot  for  Magma  But  the  Latter  Is  Resisting  ”  Electriciry^  Journal,  November  1994,  pp.  5-6. 

C)  ffjccof  Conservation  and  Renewable  Energy,  op.  cit.,  fooUiote  3. 

Hamrih  and  Rader,  op.  cit.,  footnote  7. 

2 '  U.S.  Accounting  office,  op.  cit.,  footnote  1 2. 

22Mandelker,  Op.  cit.,  footnote  17.  See  alsofoomoielfi- 
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FIGURE  5-1  A;  Hydrothermal  and  Geopressured  Geothermal  Resources  in  the  United  States 


PHBijjll  Temperature  above  90®C  { 

I  Temperature  bek>w90*C  (194  "F) 

Geopmssured  Resources 


SOURCE  U  S  Geological  Survey,  as  cited  in  U  S  Genera!  Accounting  Off  Ice,  Geothermal  Energy,  GAO/RCED-94-84  (Washington,  DC.  June  1994) 

ability  to  identify  and  characterize  suitable  geo-  for  hard  rock"^ — and  related  technologies;  en- 
thermal  fields;  developing  down-hole  instrumen-  hancing  geothermal  field  permeability;  reducing 
tation  and  other  equipment  for  geothermal  scale  and  corrosion  of  equipment  by  hot  geother- 
characterization  and  real-time  monitoring  that  can  mal  brines  and  improving  materials  for  operating 
survive  high  temperatures  and  corrosive  geother-  at  high  temperatures;  improving  the  performance 
mal  brines;  improving  well  drilling — particularly 

23-i-hg  rock  overlaying  gcoihcrmal  resources  is  often  harder  and  more  abrasive,  and  the  temperatures  are  higher,  than  that  for  oil  and  gas 
W’ells. 
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FIGURE  5-18;  Hot  Dry  Rock  Geothermal  Resources  in  the  United  States 


U  S  Oepartmert  of  Energy,  as  cilfid  m  U  S  General  Accounf  ng  Office.  Georhermal  Energy.  GAO7'BC?:0-94-84  (V^ashjngton  DC.  June 

{994) 


of  the  various  prime  mover — single  or  double 
flash,  binary,  or  others — technologies;  and  devel¬ 
oping  the  capability  to  exploit  geothermal  hot  dry 
rock  and  other  resources.  Analysis  of  various 
types  of  hybrids,  such  as  natural  gas-geothermal 
hybrids,  would  be  useful  to  identify  opportunities 


where  the  efficiency  and  cost-effectiveness  of 
both  geothermal  and  fossil  systems  can  both  be 
improved  simultaneously.  The  existing  geother¬ 
mal  industry  is  too  small  to  support  a  reasonable 
level  of  RD&D  in  these  ai‘eas  at  this  time  and 
technologies,  such  as  hard  rock  drilling  for  hot  dry 


24  See  L.Y.Bromckiet  a  I,  World  Energy  Council,  “Geothermal  Energy:  Status,  Constraints,  and  Opportunities,”  draft,  April  1992. 
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rock  geothermal  resources,  are  of  relatively  little 
interest  to  the  well-capitalized  oil  and  gas  indus¬ 
tries  due  to  the  different  nature  of  the  rock  strata 
overlying  oil  and  gas  deposits. 

I  Hydroelectricity 

Hydroelectric  generation  systems  use  the  energy 
in  flowing  water  to  turn  a  turbine.  As  of  1988,  the 
United  States  had  about  88  GW  of  hydroelectric¬ 
generating  capacity — 64  GW  of  conventional 
large-scale  hydro,  7  GW  of  small-scale  hydro,  and 
17  GW  of  pumped  storage — with  net  generation 
of  about  8.5  percenfof  total  U.S.  electricity  sup¬ 
ply.  Globally,  hydropower  currently  provides 
about  20  percent  of  world  electricity  supplies. 
Hydropower  resources  and  technologies  are  de¬ 
scribed  in  box  5-5. 

The  primary  change  for  hydropower  in  recent 
years  has  been  increasing  concern  over  its  poten¬ 
tial  impacts  on,  for  example,  aquatic  habitat,  the 
land  it  inundates,  and  recreation.  In  turn,  these  fac¬ 
tors  have  increased  the  time  required  and  cost  of 
meeting  regulatory  requirements. 

In  its  conventional  form  (with  dam  storage), 
hydropower  can  provide  base,  intermediate,  or 
peaking  power.  Because  it  can  be  rapidly  dis¬ 
patched  as  needed,  it  can  serve  a  particularly  valu¬ 
able  role  in  backing  up  intermittent  power  from 
sources  such  as  solar  and  wind. 

Before  the  1930s,  most  hydropower  was  devel¬ 
oped  by  industry  or  utilities.  During  and  follow¬ 


ing  the  Depression,  a  large  share  of  U.S. 
hydroelectric  power  was  developed  through  fed¬ 
eral  support,  including  the  Tennessee  Valley  Au¬ 
thority  and  the  Columbia  Basin  Project.  By  1940, 
some  3,100  conventional  hydro  sites  were  in  op¬ 
eration.  A  variety  of  factors  cut  the  number  of  op¬ 
erating  projects  to  just  over  1,400  by  1980,27 
although  net  capacity  continued  to  increase, 
roughly  tripling  between  1950  to  1975.28  The  two 
oil  crises,  enactment  of  several  tax  credits,"’ and 
regulatory  changes — ^particularly  the  passage  of 
the  Pubhc  Utility  Regulatory  Policies  Act — 
spurred  independent  development  of  hydropower 
during  the  1980s.  Independents  have  developed 
many  more,  but  smaller,  sites  than  utilities,  while 
utilities  have  developed  more  MWS  of  capacity. 
More  recently,  environmental  and  regulatory  con¬ 
cerns  have  strongly  impacted  hydropower  reh- 
censing  as  well  as  new  licensing. 

Hydropower  developers  generally  include  in¬ 
dividuals  and  small  partnerships  for  mini-hydro 
projects  (up  to  5  MW);  independent  development 
companies  such  as  Consolidated  Hydro,  Indepen¬ 
dent  Hydro  Developers,  Synergies,  and  others  for 
small-hydro  projects  (5  to  50  MW);  and  utilities 
for  medium  (50  to  100  MW)  or  large  (>100  MW) 
projects.  ’'’There  has  been  relatively  little  devel¬ 
opment  of  hydr^ower  by  the  federal  government 
in  recent  years  construction  follows  a  similar 

pattern,  ranging  from  small  local  construction 
firms  for  small  projects,  to  firms  such  as  Morrison 


S  Depanment  of  Energy,  Energy  Infonnation  Administration,  Armual  Energy  Reyie\\\OOEi‘^AA’OMA(^)  (Washington. 

1991  ),  table  90. 

<;  Congress,  Office  of  Technology  Assessment,  Energy  in  Oevehpin^  Countries,  OTA-B-4^6  (Washington,  fX':  U.S.  Government 
Printing  Office,  January  1991  ). 

27  Nan  N aider,  “Fixing  Hydro— The  Forgotten  Renewable, «  April  1992,  pp.  12-21. 

2H  Keith  LeeKozloff  and  Roger  C.  IX)wcr.  A  Pmrer  Base;  Retiew  ahtc  Encrf^y  PoUdes  for  the  Nineties  and  Beyond  (Wa.shington,  DC: 
World  Resources  Institute,  1993). 

Profits  Tax  .Ac uati  investment  tax  credit,  and  accelerated 

depreciation,  have  been  phased  out. 

3^'  The  of  ownership  and  the  size  of  projects  indicated  here  aie  illustrative  only.  Ownership  and  project  size  may  vary  considerably 
from  these  values. 

J I  Among  notable  exceptions  were  five  Bureau  of  Reclamation  hydro  facilities  brought  online  in  1 993.  Maria  J.  Barnes  and  Laura  Smith- 
Noggle,  *.  Hydropower  ’93:  The  Year  in  Review,”  J/vi/wPev/eve,  vol.  12,  No.  8,  1994,  pp.  12-20. 
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BOX  5-5;  Hydropower  Resources  and  Technologies 


U  S  hydropower  resources  are  fairly  well  developed.  More  power,  however,  could  potentially  be  ob¬ 
tained  from  existing  facilities,  including  capturing  reservoir  spill, 'upgrading  equipment,  and  Installing 
equipment  at  dams  not  now  used  for  power  * 

By  one  estimate,  a  potential  of  about  76  GW  of  conventional  hydro  and  19  GW  of  pumped  storage  ca¬ 
pacity  were  untapped  in  the  United  States  as  of  1988  (see  figure), ^The  U.S.  Department  of  Energy  esti¬ 
mates  that  about  22  GW  of  this  potential  could  be  developed  economically  at  current  prices  and  19  GW 
more  could  be  developed  with  a  price  premium  of  20/kWh.  As  much  as  13  GW  of  the  remainder  might  be 
developed  with  appropriate  attention  to  environmental  and  safety  Issues,  further  development  of  technolo- 

U.S.  Conventonal  Hydroelectric  Generation  Capacity,  Developed  and  Undeveloped 
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HI  Developed 
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The  hydro  poiential  of  Hawaii  is  relatively  small 
and  thus  is  not  shown. 


SOURCE  Federa' Energy  Regulatory  Commission  Hydroelectric  Power  Resources  of  fhe  United  States.  Developed  and  Undevel¬ 
oped  FERC00070  (Washington  DC  January  1992)  cited  In  U  S  Department  of  Energy  Energy  Information  Administration  “Renew¬ 
able  Resources  in  the  U  S  Electricity  Supply  DOE/EIA  0561  February  1993 


•  U  S  Army  Cof  ps  of  Engineers  Institute  for  Water  Resources  "National  Hydroelectric  Power  Resources  Study  Volume  I  “  May 
1983 

Marc  Cn>jps<a  and  David  H(^vs/r■^'\t'>Renewab{Rptec^hf:  Generation  An  Assessment  of  Air  Polhnan  Prever.tKin  Potential. 
rP.A'400  R-92  005  DC  U  S  Environmental  Protection  Agency  March  1992)  citing Ih.e  Federal  Energy  Regulatory  Com- 

m  ss  fin 

3  Federal  Cncrov  Regu-alcry  Commi  Hydroelectric  Power  Resources  of  the  United  States  ‘  January  1 988 

(continued) 
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BOX  5-5  (cont'd.):  Hydropower  Resources  and  Technologies 


gy,  and  the  above  price  premium.  In  addition,  there  are  an  estimated  12,5  to  17.5  GW  of  run-of-river  and 
other  capacity,  of  which  perhaps  10  GW  could  be  tapped  with  further  development  of  low-head  technolo¬ 
gies.'" 

Technology 

Hydroelectric  technologies—dams,' run-of-river,  ® and  pumped  storage —are  generally  considered  to 
be  mature.  Turbine  efficiencies  are  typically  in  the  75  to  85  percent  range.  Nevertheless,  there  have  been 
evolutionary  technological  developments  in  a  variety  of  areas.  These  include  better  understanding  of  both 
soils  and  manmade  materials  in  designing  and  constructing  dams  and  related  equipment,  Improvements  in 
dam  constrution  techniques  and  materials,  use  of  devices  such  as  inflatable  weirs  to  raise  upstream  wa¬ 
ter  levels,  and  electronic  controls  of  turbine  speed  and  electronic  power  conditioning.® 

The  capital  costs  for  new  U.S.  hydropower  facilities  range  widely  around  a  median  price  of  about 
$2,000/kW,  operations  and  maintenance  costs  at  large  facilities  typically  average  roughly  0.50/kWh,  oper¬ 
ating  lifetimes  are  usually  assumed  to  be  45  years,  and  operational  capacity  factors  are  36  to  45  percent. 
Together,  these  parameters  give  costs  of  roughly  60/kWh  Hydropower  costs  often  range  between 
4.50/kWh  to  7.50/kWh,  with  considerable  varilation  above  and  below  this  range.  No  significant  cost  reduc¬ 
tions  are  forseen.® These  costs  are  generally  competitive  with  fossil-generated  power. 

Environmental  Impact 

Although  hydro  has  long  proven  to  be  a  reliable  and  cost-effective  resource,  and  once  constructed, 
does  not  release  carbon  dioxide,'®”  a  number  of  environmental  concerns  have  been  raised.  These  include 
Inundating  wildlife  habitat;  changing  aquatic  ecosystems  and  water  quality— including  temperature,  dis¬ 
solved  oxygen  and  nitrogen,  and  sediment  levels,  causing  high  mortality  among  fish  passing  through  the 


*SoIar  Energy  Research  Instrtute,  “The  Poieniiaiof  Renewable  Energy,  An  imeriaboratory  White  Paper, "  March  1990 

5  Most  hydropower  facilities  use  dams  to  raise  the  water  level  and  thus  Increase  the  potential  energy,  and  to  provide  storage  of 
water  so  as  to  smooth  out  seasonal  fluctuations  mthe  amount  of  water  available  for  generating  power 

6  Run-of-river  systems  do  not  use  a  dam  but  may  use  other  structures  reducing,  but  not  eliminating,  associated  costs  and  envi¬ 
ronmental  Impacts  Lack  of  dam  storage  Increases  susceptibility  to  seasonal  fluctuations  in  output 

7  pumped  storage  systems  are  not  a  RET,  but  could  be  used  to  store  power  generated  by  RETs  or  to  complement  RET  Power 

output  Pumped  storage  systems  use  electnc-ty  (usually  from  a  baseioad  powerplant— typically  coal  or  nuclear  powered)  to  pump 
water  to  an  upper  reservoir,  this  water  is  later  dropped  through  a  generator  back  to  the  lower  reservoir  to  generate  needed  peak 
power  Typical  pumped  storage  systems  are  now  70  to  80  percent  ftfticlent  over  the  entire  cycle  Limited  suitable  sites  for  pumped 
storage-near  both  cities  and  large  electric  generating  plants— have  led  some  to  consider  use  of  underground  caverns  for  the  lower 
reservoir  See  John  Dc-vviing,  ’'HydroeleclfiCity.*'  The  Energy  Sourcebook  A  Gufde  to  Technology.  Resources,  end  Policy.  Ruth  Howes 
and  Anthony  Fainberg  (eds )  (New  York,  NY  American  Institute  of  Physics  1991) 

“Geoffrey  P  Sims,  “Hydroelectric  Energy,  ”  Energy  Po/iCy  October  1991,  pp  776-786,  and  EncM  Woson.  “Small-Scale  Hydro- 
eleciriclty. "  Energy  Policy,  October  1 991 ,  pp  787-791 

9  Allan  R  Hoffman,  "DOE's  Approach  to  Renewable  Energy  in  the  Utility  Sector,  “  presentation  at  the  Workshop  on  Generation  Of 
Electricity  from  Renewable  Sources,  American  Physical  Society,  Washington,  DC,  Nov  6-7, 1992 

10  Constructing  hydro  plants  usually  entails  extensive  earth  moving  using  diesel-powered  equipment  and  use  of  large  amounts  of 
concrete,  both  resulting  in  emissions  of  carbon  dioxide  In  addition,  the  Inundation  of  large  amounts  of  biomass  by  the  dam  may  result 
mthe  emission  of  significant  amounts  of  methane  as  the  biomass  decomposes  See,  e  g  John  W  M  Rudd  et  al  ,  “Are  Hydroelectric 
Reservoirs  Signiticanl  Sources  of  Greenhouse  GnsesP'*  Amble,  VOI  22,  No  4,  June  1993,  pp  246-248 
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BOX  5-5  (cont'd.);  Hydropower  Resources  and  Technologies  - 


turbine  and  affecting  fish  migrations.  ^  Large  and/or  rapid  variations  In  hydropower  output  may  also  dam¬ 
age  aquatic  habitats,  streambeds.  or  cause  other  problems. 

The  history  of  federal,  state,  and  court  considerations  in  balancing  the  many  con'ipeting  interests  in  the 
hydro  arena  is  long  and  complex. In  recent  years,  the  Federal  Energy  Reguiatory  Commission  has  re¬ 
cently  begun  to  revamp  its  hydropower  licensing  procedures  to  both  better  meet  environmental  concernjj 
while  reducing  the  burden  on  developers. 


n Tills  IS  Ihe  focus  of  anofheroiA  assessment,  TechnofogfesTo  Protei  '  Dams,  forthcoming  The  risk  of  3  n  failure  and 
the  potential  impact  on  people  and  towns  downstream  is  also  of  primary  concern,  but  is  not  addressed  here 

*?  Because  of  such  longstanding  environmental  concerns,  a  large  body  of  iegisialion  has  directed  ntmnuon  toward  the  environ 
mental  impacts  of  hydropower  development  including  the  Water  Resources  Piann:ng  Act  Public  Law  89-80,  the  Wild  and  Scenic 
Rivers  Act,  Pi:hhc,  Law90542,  the  National  Environmental  Policy  Act,  Pubhc  Law91  -190  the  Clean  Water  Act,  PLhiic  Law92-500  and 
the  Endangered  Species  Act,  Pub -c  Law96-205  In  1986,  the  Eiecirtr  Consumers  Protection  Act  of  1986  directed  ihe  Federal  Energy 
Regulatory  Commission  to  give  equal  consideration  to  environmental  concerns  inils  hydro  licensing  procedures 

•3 For  a  cJiscussicqsee  e  g  George  C  O  Connor, "Will the  Commissions  Hydropower  Program  Revive m the  9Cis'’'  Energy  Law 
Journal,  voi  1 4.  No  1 , 1 993,  pp  1 27-1 51 ,  Amy  Koch,  “The  Battle  for  One-Stop  Shopping, "  Independent  Encrav.  February  1 992  pp 
38-40,  George  Lagassa'The  Exemption  Dilemma,  ”  independent  Energy,  Ju\y/AuQuS[  1993.  pp  52-56  and  Nan  Naider.  F-xingHy- 
dro — The  Forgotten  Renewable  “  Electricity  Journal.  Apn\  1992,  pp  12-21 

■**  "FERC  Revamps  lis  Procfifiore-sfor  Hydro,  ”  Electnctfy  Journal.  October  1993,  pp  1 5- 1 6 


Knudsen,  Dillingham,  Ebasco,  and  Stone&  Web¬ 
ster  for  larger  projects.  Financing  likewise  ranges 
from  limited  partnerships  or  small  business  loans 
for  small  projects  to  large  institutional  investors  in 
big  hydi*o  projects.  Producers  of  hydro  turbines 
include  Voith,^' Kvaerner  (Norway),  Sulzer 
(Switzerland),  Ossberger  (Germany),  American 
Hydro,  STS  Hydropower,  and  Hydro  West. 

There  has  been  little  nev  development  of  hy¬ 
dropower  in  the  past  four  to  five  years.  An  impor¬ 
tant  reason  for  the  slowdown  is  the  substantial  and 
increasing  front-end  development  cost  and  time 
for  permitting  and  licensing.  The  long  lead  times 
for  development — perhaps  three  years  for  permit¬ 
ting,  three  years  for  licensing,  and  two  to  three 
year's  for  construction-do  not  well  match  short¬ 
ening  utility  planning  horizons  in  the  increasingly 
competitive  electricity  market,  particularly  with 


low  natural  gas  prices  and  short  lead  times  for  gas 
turbine  installations.  As  a  result,  many  hydro 
power  companies  are  concentrating  on  opportuni¬ 
ties  for  rehabilitating  and  upgrading  plants.  '?’ 
Contributing  to  this  effort  has  been  the  Federal 
Energy  Regulatory  Commission’s  Efficiency  Up¬ 
grade  Program,  introduced  in  1991,  which  stream¬ 
lines  the  approval  process  for  such  changes. 
Some,  including  both  independents  and  utility 
subsidiaries,  are  also  looking  overseas  for  new  op¬ 
portunities.^*^ 

RD&D  Needs 

Although  hydro  technologies  are  relatively  ma¬ 
ture,  considerable  interest  is  developing  in  sys¬ 
tems  that  reduce  the  impact  on  aquatic  species  and 
habitats.  This  includes  turbines  that  safely  pass 


32  Voi ih  (Germany mers  turbine  bu.s incss  but  continues  to  manufacture  in  York.Pennsylvama. 

"George  "Rcpo^tnngHydro,"  Independent  Energy.  October  1992,  pp.  46-50. 

^^Edward  Fulton.  “Gaining  Capacity  Through  FERGUS  Efficiency  Upgrade  program,'’  August  1994.  pp.  36-42. 

"'George  Lagassa,  “Small  Hydro  Goes  International,”  Indeperident  Energy,  November  1992.  pp.  71-73. 
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fish  and  aerate  the  water.  Other  research  and  de¬ 
velopment  (R&D)  needs  include  variable  speed 
and  pitch  turbine  systems,  improved  wear-resis¬ 
tant  materials,  and  better  forecasting.^'’ 

I  Photovoltaics 

Photovoltaics  (photo  for  light,  voltaics  for  bat¬ 
tery),  or  solar  cells,  convert  sunlight  directly  into 
electricity.  Unlike  wind  turbines  or  solar  thermal 
systems,  PVS  have  no  moving  parts,’^Uhey  use 
solid-state  electronics  instead.  Solar  resources  are 
described  in  box  5-6  and  applies  to  solar  thermal 
as  well  as  PV.  PV  technologies  are  described  in 
box  5-7. 

Over  the  past  two  decades,  PV  efficiencies  and 
reliability  have  increased  significantly,  manu¬ 
facturing  capabilities  have  improved,  and  other 
system  components  have  advanced.  As  a  conse¬ 
quence,  the  cost  of  PV  modules  has  decreased  by 
nearly  10  times  since  the  mid-  1970s.  PVS  are  now 
cost-competitive  in  numerous  market  niches  and 
their  continuing  drop  in  price  is  making  them  cost- 
competitive  in  an  ever  broadening  range  of  ap¬ 
plications.  World  production  of  PVs  in  1993  was 
about  61  MW,  more  than  double  that  in  1987,^" 

Because  of  the  small  scale  and  low-mainte¬ 
nance  characteristics  of  many  PVs, they  are 
widely  used  in  remote  apphcations  such  as  com¬ 
munications  relays  or  water  pumping  stations. 
Electric  utihties  are  also  beginning  to  consider 
PVs  for  numerous  applications,  and  more  than  60 
classes  of  potentially  cost-effective  applications 
have  been  identified.'"’ In  grid  applications,  the 
extent  to  which  PV  power  can  offset  other  electric¬ 
ity-generating  capacity  depends  on  its  match  with 


the  electricity  load  and  potential  complementary 
combinations  with  other  generation  resources 
such  as  wind. 

PVs  may  also  have  a  substantial  role  to  play  in 
building-integrated  systems.  This  application  is 
expected  to  reduce  installed  PV  system  costs  by 
several  means  including: 

1.  The  dual  use  of  PV  modules  for  power  genera¬ 
tion  and  as  part  of  a  building’s  roof  or  exterior 
walls  will  offset  capital  costs  by  displacing 
roofing  or  wall  materials. 

2.  A  separate  support  structure  for  the  PV  system 
will  be  unnecessary  since  the  building  itself 
will  serve  this  function. 

3.  No  additional  land  will  be  required  for  the  PV 
array  (this  is  a  significant  bonus  in  crowded  ur¬ 
ban  areas  and  of  particular  interest  to  the  Japa¬ 
nese). 

4.  Utilities  may  offer  attractive  rates  for  this  de¬ 
mand-side  management  strategy  according  to 
its  ability  to  reduce  the  need  for  additional  cen¬ 
tral  generating  capacity. 

The  PV  industry  ranges  from  small  entrepre¬ 
neurial  startups  to  subsidiaries  of  Fortune  500 
giants.  Following  the  oil  crises,  a  number  of  large 
companies  entered  the  PV  industry,  many  of 
which  subsequently  exited  due  to  falling  fossil  en¬ 
ergy  prices,  long  technology  and  market  develop¬ 
ment  times  for  PVs,  and  higher  near-term  returns 
from  other  investments.  For  example,  Atlantic 
Richfield  sold  its  Arco  Solar  subsidiary  to  Sie¬ 
mens  (Germany)  in  1989  and  Mobil  Oil  Compa¬ 
ny'"  sold  its  Mobil  Solar  subsidiary  to  ASE 
GmbH  (Germany)  in  July  1994.  Other  recent  sales 
of  U.S.  PV  firms  to  foreign  companies  are  de- 


mote  complete  listing  of  possible  areas  for  R&D,  see  North  American  Hydroelectric  Research  and  Development  Forum,  Repower • 
mj?  Hydro:  The  Renewahfe  Energy  Technology  for  the  21  si  Century  (Kansas  City,  MO:  HCI  Publications,  September  1992), 

'^^If  mounted  on  a  tracking  collector,  however,  there  will  be  moving  parts  associated  witlt  tlie  collector. 

^^P&n\O.MsiycocVJnjernanonal  Photovoltaic  Markets,  Developments  and  Trends  Forecast  102010  (Casanova,  VA:  Photovoltaic  Energy 
Systems,  Inc.,  1994). 

39  And,  of  course,  they  do  not  need  fuel  transported  to  the  site. 

C  Jr  Early  Cost-Effective  Applications  of  Photovoltaics  ijhe  FAectric  Utility  Industry,  EPRl  TR- 1 007 1 1  (Palo  A  ho.  CA:  Elec¬ 
tric  Power  Research  Institute,  December  1992). 

41  Atpre.ss*'”^®'  it  vvas  not  known  how  .substantial  a  holding  Mobil  retained  in  its  former  solar  subsidiary. 
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scribed  in  chapter  7.  Major  firms  that  have  with¬ 
drawn  from  PV  manufacturing  also  include 
Boeing,  Exxon,  General  Electric,  Honeywell,  Ko¬ 
dak,  Martin  Marietta,  and  Standard  Oil  of  Ohio/" 
This  has  shifted  the  PV  industry  toward  smaller 
firms, although  large  firms  such  as  Amoco 
(through  its  subsidiary  Solarex)  continue  to  be  ac¬ 
tive. 

In  the  past  several  years,  a  few  larger  firms  have 
again  expressed  interest  in  PVs.  For  example, 
Coors  (through  Golden  Photon)  has  entered  PV 
development  and  manufacturing.  Amoco/Solarex 
and  Enron,  the  largest  U.S.  natural  gas  company, 
recently  proposed  a  venture  to  build  a  100-MW 
PV  powerplant  in  Nevada  with  a  cost  of  electricity 
at  5.50/kWh.  This  very  low  cost,  years  earlier  than 
expected,  may  be  possible  due  to  the  relatively 
large  scale  of  production  in  this  proposal,  use  of 
government  land,  federal  renewable  energy  tax 
break,  and  financing  with  tax-free  industrial  de¬ 
velopment  bonds.'”  Several  other  large  firms  are 
carefully  examining  potential  partners  or  acquisi¬ 
tions. 

Factors  driving  this  new-found  interest  include 
substantial  technological  and  manufacturing  ad¬ 
vances  in  PVs,  the  recognition  that  there  are  many 
higher  value  niches  where  PVs  are  already  cost- 
competitive,  a  rapidly  growing  international  mar¬ 
ket.  and  the  expectation  that  environmental 
technologies  will  be  increasingly  important. 

Some  19  firms  currently  manufacture  PVs  in 
the  United  States,""^ but  Siemens  (Germany)  and 
Solarex  alone  account  for  about  80  percent  of  this 
production  (see  table  7  3).  PV  manufacturing 
equipment  is  produced  by  companies  such  as 
Spire,  power  conditioning  equipment  is  produced 


by  companies  such  as  Omnion  Power  Engineer¬ 
ing,  and  system  integrators  include  Photo- 
comm/*^ 

Two  overall  strategic  perspectives  are  influenc¬ 
ing  the  direction  of  the  PV  industy.  Many  have 
long  viewed  utility  bulk  power  markets  as  the  goal 
and  saw  large-scale  manufacturing  to  dramatical¬ 
ly  lower  costs  as  the  key  to  getting  there.  Scaling 
up  manufacturing  to  that  level,  however,  is  a  sub¬ 
stantial  challenge.  The  Electric  Power  Research 
Institute  (EPRI),  for  example,  has  demonstrated 
in  the  field  the  technical  potential  of  an  integrated 
high-concentration  PV  technology — winner  of  a 
1994  R&D  100  Award-built  by  AMONIX,  Inc,, 
and  estimates  that  at  a  production  scale  of  100 
MW/year,  the  cost  of  electricity  from  this  system 
can  be  lowered  to  80/kWh.  EPRI  believes  that  vol¬ 
ume  production  is  a  key  to  further  cost  reduc¬ 
tion.'' 

At  this  scale  of  production,  comparable  or  low¬ 
er  costs  are  also  expected  for  various  thin  film  PVs 
such  as  CIS,  CdTe,  and  a-Si  as  well  as  certain  oth¬ 
er  PV  technologies.  However,  100  MW/year  is  al¬ 
most  twice  the  current  world  market,  which  is  now 
spread  among  some  14  lai'ge  (>1  MW/year)  pro¬ 
ducers  and  a  host  of  smaller  producers  (see  table 
7-3).  Further,  the  long  lead  time  to  develop  mai'- 
kets  seriously  restricts  the  possibility  of  bu  ding, 
for  example,  a  lOO-MW  production  plant  and 
forcing  prices  down  with  volume  production; 
most  producers  simply  do  not  have  the  capital  to 
absorb  several  years  of  product  output  at  these 
scales  while  they  develop  a  sufficiently  large  mar¬ 
ket  for  their  output.  So  far,  even  PV  firms  with 
deep-pocketed  parents  have  not  been  willing  to 


42  Williams  ami  Porter,  op.  cit.,  footnote  6. 

43  Ibid, 

44  Alien  R.  Myersen,  "Solar  Power,  for  Earthly  Prices,”  New  York  Times. Nov.  15,  1994,  p.  D]. 

■*^'Toial  Solar  Collector  Shipments  Dip  as  Imports  Soar,  Exports  Climb:  ElA,”  The  Solar  r<'//er,voi.4,No.l  8.Aug.l9,l994.pp.)  97-200. 
46  For  ali  sting  manufacturing,  system  integration,  and  related  activities,  see,  e.g.,  “Membership  Di¬ 

rectory.”  Solar  Industry  Jourrutl.voL  5,  No.  1, 1994,  pp.  54-76. 

'$  "JY-'iccinc Institute,  “Integrated Photovoltaic  Technology,’  Technical  BnefH.E2y 48, 3256. December 


1993. 
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BOX  5-6:  Solar  Resources  and  Collector  Geometries 


The  solar  resource  varies  hourly,  daily,  seasonally,  geographically  and  with  the  local  climate.  Under¬ 
standing  this  variation  is  important  in  choosing  the  best  location  and  orientation  for  solar  electric  (photovol¬ 
taic  or  thermal)  systems,  for  determining  the  optimum  size  of  the  solar  system  and  of  the  associated  (if 
any)  storage  system,  and/or  for  matching  the  system  output  to  the  needs  of  the  local  utility.  Detailed  long¬ 
term  records  of  Insolation  are  needed  for  such  evaluations 

Sunlight  at  the  Earth’s  surface  has  two  components  direct  or  beam  radiation  coming  directly  from  the 
sun,  and  diffuse  radiation  that  has  been  first  scattered  randomly  by  the  atmosphere  before  reaching  the 
ground.  Together,  these  are  known  as  the  total  or  global  radiation.  In  general,  direct  radiation  is  more  sensi¬ 
tive  to  atmospheric  conditions  than  diffuse  radiation  heavy  urban  smog  might  reduce  direct  radiation  by  40 
percent  but  total  radiation  by  only  20  percent  Direct  solar  radiation  is  shown  In  figure  1  and  total  radiation 
in  figure  2, 


Average  Daily  Direct  (Beam)  Solar  Radiation,  1961-90 


Whr/sq  m  per  day 

□  1,000  to  1,500 

□  1,500  to  2,000 
Q  2,000  to  2,500 
®  2,500  to  3,000 
S  3,000  to  3,500 
a  3,500  to  4,000 
O  4,000  to  4,500 


4.500  to  5,000 
5,000  to  5,500 

5.500  to  6,000 
6,000  to  6,500 

6.500  to  7,000 
7,000  to  7,500 


NOTE  Direct  solar  radiation  is  the  sunlight  that  comes  directly  from  the  sun  to  the  receiver  Values  shown  here  are  for  direct  sunlight  on 
a  surface  always  facing  the  sun— e  g  a  surface  that  uses  two  axis  tracking  to  follow  the  sun 

SOURCE  National  Renewable  Energy  Laboratory  1993 
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BOX  5-6  (cont’d.):  Solar  Resources  and  Collector  Geometries 


There  are  three  general  classes  of  solar  collectors  fixed,  one-axis  trackers,  and  two-axis  trackers  (fig¬ 
ure  5-2)  Fixed  collectors  are  mounted  in  a  fixed  position  and  generally  left  there  (although  some  may  be 
adjusted  seasonally)  The  amount  of  light  Incident  on  the  collector  then  changes  over  the  day  and  season 
with  the  position  of  the  sun  relative  to  the  orientation  of  the  collector  The  specific  orientation  of  the  fixed 
collector  is  adjusted  to  optimize  the  energy  received-for  example,  to  maximize  winter  or  summer  after¬ 
noon  energy  collection. 

One-axis  tracking  collectors  have  one  direction  of  movement— from  east-to-west,  for  example— and  so 
can  roughly  follow  the  sun’s  motion  during  the  course  of  the  day,  but  are  not  adjusted  for  the  change  in  the 
suns  position  during  the  course  of  the  year  (or  wee-versa  for  collectors  adjusted  north-south)  Two-axis 
trackers  can  precisely  follow  the  sun  across  the  sky  during  the  day  and  from  one  season  to  the  ^^xt 

Tracking  collectors  allow  more  direct  sunlight  to  be  captured  per  unit  area  of  collector,  but  at  a  cost  because 
of  the  moving  parts  and  more  complicated  mounts  Whether  or  not  a  tracking  collector  is  worthwhile  depends 
on  e  gineering  and  climatic  factors,  trading  off  the  additional  cost  versus  the  value  of  the  additional  energy 
collected 

Average  Daily  Total  Solar  Radiation,  1961-90 


NOTE  Total  solar  radiation  Includes  the  sunlight  coming  directly  from  the  sun  plus  that  which  comes  from  the  sky  Values  shown  here 
are  for  total  solar  radiation  on  a  horizontal  surface 
SOURCE  National  Renewable  Energy  Laboratory,  1993 
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BOX  5-6  (cont'd.):  Solar  Resources  and  Collector  Geometries 


Concentrating  collectors  must  use  tracking  because  the  optics  need  careful  orientation  wtih  respect  to 
the  sun.  Use  of  concentrators,  however,  limits  energy  collection  to  direct  radiation.  Concentrators  are  there¬ 
fore  of  greatest  Interest  in  low  humidity  regions  with  relatively  little  scattering  of  direct  sunlight,  such  as  the 
U  S  Southwest.  Some  light  is  also  lost  by  absorption  in  or  scattering  by  the  concentrating  mirror  or  lens. 

Although  the  solar  resource  is  diffuse,  the  land  areas  required  for  electricity  generation  are  similar  to 
those  for  coal  when  mining  is  included  (see  table  1-2  in  chapter  1),  and  are  modest  compared  to  the  total 
U  S  land  resource.  For  example,  total  U.S.  electricity  needs  could  be  produced  from  less  than  10  percent 
of  the  land  area  of  Nevada.  ' 


’John  Thornton  and  Linda  Brown,  Phoiovoltaics The  Present  Presages  the  Future,  "The  Electricity Jotjrna!. April  ^992,  pp  34-41 


take  this  risk.  The  Amoco/Solarex-Enron  venture 
is  an  intermediate  step  that  would  both  scale  pro¬ 
duction  up  to  10  MW/year  by  1997  and  rely  on  a 
variety  of  tax  supports  to  reach  its  cost  goals.  The 
leap  in  scale  to  achieve  low-cost  manufacturing  is 
a  very  significant  obstacle  for  PV  manufacturers. 

There  are,  however,  a  variety  of  high-value 
niche  markets,  such  as  remote  or  distributed  util- 
it  y  applications  (see  below),  for  which  PVs  can  ef¬ 
fectively  compete  today.  This  provides  near-term 
markets  that  can  help  scaleup  manufacturing  to 
the  levels  ultimately  needed  to  compete  for  longer 
term  bulk  power  markets.  This  perspective  is  be¬ 
coming  a  key  element  of  the  PV  industry  strategy 
for  scaling  up  manufacturing. 

Research,  Development,  and 
Demonstration  Needs 

RD&D  needs  include  further  development  in 
many  areas:  current  PV  materials  and  designs,  in¬ 
cluding  multiple  junctions  and  composite  materi¬ 
als;  new  materials  and  PV  device  structures; 
building-integrated  PVs  and  other  techniques  to 
lower  support  structure  and  other  costs;  advanced 
manufacturing  equipment;  improved  encapsula¬ 


tion  technologies;  lower  cost  and  higher  perfor¬ 
mance  balance  of  system  components;  and  better 
grid-integration  technologies.  Advanced  manu¬ 
facturing  processes  are  an  important  element  of  a 
balanced  RD&D  portfolio.  As  demonstrated  by 
the  past  15  to  20  years  of  high-technology  com¬ 
petition  with  Japan,  manufacturing  processes  are, 
in  many  cases,  as  important  as  innovative  devices. 
Continued  R&D  is  an  essential  component  of  any 
PV  development  and  commercialization  strategy. 

The  PV  industry,  with  total  1994  revenues  of 
roughly  $150  million, would  not  be  able  to  fund 
RD&D  at  the  $75  million  amount  that  it  received 
from  the  federal  government  in  FY  94.  Further, 
the  record  has  shown  very  few  deep-pocketed 
U.S.  firms  willing  to  support  the  long-term 
RD&D  needed,  despite  the  enormous  potential  of 
PVS.  Foreign  firms,  however,  have  already  pur¬ 
chased  a  number  of  U.S.  PV  firms  (chapter  7)  and 
are  likely  to  purchase  other  important  U.S.  PV  in¬ 
novations  and  firms  should  the  opportunity  arise. 

Estimates  of  the  net  present  cost  to  bring  PV 
technology  to  a  competitive  status  versus  conven¬ 
tional  baseload  equipment  on  an  accelerated 
schedule  (over  the  next  15  to  20  years)  range 


^Assuming  56,000' kW  and  25  MW  of  PVs:  produced.  See  “Worldwide  PV  Shipments  Top  60  MWp:U.S.  in  Und  Bui  Europe  Catching 
Up,”  Solarle!ter,vol  5,  No.  6,  Feb.  17,  1995,  p.  53. 
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BOX  5-7:  Photovoltaic  Technologies^ 


A  PV  cell  IS  made  by  depositing  layers  of  various  materials  so  as  to  create  an  intrinsic  {and  permanent) 
electric  field  inside  When  light  strikes  the  material,  It  can  free  an  electron  from  weak  bonds  that  bind  it 
Once  freed,  the  electric  field  then  pushes  the  electron  out  of  the  PV  and  sends  it  through  an  external  wire  to 
do  work— for  example,  to  power  a  light,  refrigerator,  or  an  industrial  motor— before  returning  to  the  PV  cell, 
completing  the  circuit 

The  development  of  PVs  presents  difficult  engineering  choices  between  making  the  cell  more  efficient 
while  keeping  costs  down.  A  number  of  technologies  are  used  Including  thin-film  flat  plates,  single  crystal 
and  polycrystalline  flat  plates,  and  concentrator  systems  These  follow  a  progression  from  lower  efficiency/ 
lower  cost  to  higher  efficienoy/higher  cost.  At  r„iic  ioc/i  o/i 


the  current  state  of  technolo<~  '  all  these  ap¬ 
proaches  provide  electricity  roughly  the 
same  cost 

Thin  film  PVs  use  little  PV  material— typical 
thicknesses  of  the  film  are  4/1 00,000  of  an 
inch  thick  or  1/1  00  of  a  human  hair— on  a  low- 
cost  substrate  such  as  glass,  metal,  or  plas¬ 
tic  Thin-film  materials  such  as  amorphous  sili¬ 
con  (a-SI),  copper  Indium  dilselenide  (CIS), 
and  cadmium  telluride  (CdTe)  potentially  offer 
relatively  high  efficiency  and  easy  fabrication 
(see  figure  1)  The  efficiency  of  CIS  is  current¬ 
ly  at  164  percent,  the  highest  of  any  thin  film, 
and  stabilized  large-area  a-Si  has  reached 
102  percent,* A  joint  venture  between  Energy 
Conversion  Devices  of  Troy,  Michigan,  and 
Canon  of  Japan  is  constructing  a  manufactur¬ 
ing  plant  in  Virginia  to  produce  this  high-effi¬ 
ciency  a-Si,  for  which  co  '  are  expected  to 
be  160/kWh  in  1995,  eventually  dropping  to 
120/kWh  * 

Crystalline  and  polycrystalline  flat-plate 
PVs  of  silicon  are  the  most  common  and  the 
most  mature  type  of  PV  Nonconcentrating  cells 
of  silicon  are  now  at  235  percent  efficiency  and 
nonconcentrating  cells  based  on  gallium  arse¬ 
nide  (GaAs)  have  reached  295  percent.'’ 


Efficiency  of  Photovoitaic  Cells,  1954-94 


Efficiency  (percent) 


/  GaAs 


CdTe 


viOTE.  SCown  here  are  the  eff'C'erciOS  ol  iabofalory  ce^s  of  s-.ngie 
::rysta!  sti»con  (x-Si).  gafiium  arsen-de  (GaAs).  indcm  Dncsphice 
;lf'P).  cadmium  sullide  (CdS).  a^iorphocs  s:"v':.on  (a-S;;,  cadmium  lo'- 
uridefCd-Te),  and  copper  indium  diseiemde  (0-$)  The  w'lde  range  o- 
^Vniaienais.  manu  lac!  unng  processes,  coileclor  ccnliguraiwis.  and 
systems  designs  provide  contldence  that  some  paths  ■//;>  succsecJ  in 
eaching  icnv-cost  goals. 

dOURCES.  Pau-  Maycock,  PV  Energy  Systems  inc  personal  com- 
Tiunica’icn,  December  1993,  Ker.  ZwesDei.  Nationai  Renewable  Ener¬ 
gy  Laboralory,  personal  communication.  January  1994  George 
3ody.  Exxon  Corporate  Research  Laboratory,  personal  comrnunica- 
jon.  January  1994.  and  Masalur";  Yamagucn:.  •  present  Status  and 
•ut'jre  Prospects  ol  inP  SoiarCetis."  paper  preser^ted  at  me  20th  IEEE 
Photovoltaic  Specia.iists  Conference.  1988.  l.as  Vegas  NV  Sept 
?6'30.  1988. 


’An  excellent  overview  of  phoiovoUaiC  iSfsuesis  provided  by  Ken  Zwe'bei,  Hames.s/.og  Solar  Power  The  PhotovoHivcn  Chdi/enge 
(New  York  NY  Plenum  Press,  1990)  a  more  recent  and  somewhat  moretechnioai  review  can  be  found  ir, Thomas  B  johansson  et  rii 
(eds  ),  ReneweNe  Energy  Sources  for  Fue/and  Eiectncity  (Washington,  DC  Island  Press,  1 993)  Atechn-cai  introduction  to  PV  sc; 
ence  is  given  by  Martin  A  Green  Soier  Celts  Operating  Principles.  Technology  and  System  App/;caf/oos(EngiowoodC:;H«,  NJ  Pren- 
tice-Haitlnc  1982)  For  more  detailed  technical  information  on  photovoltaic  technologies,  see  IEEE  PhotovonaicSpec-alisis  Confer¬ 
ence  European  Comrr.^jf'.tyf-hotovoltaic  Solar  Energy  Conference,  and  the  Photcvoifaic  Science  and  ringir.eenng  Conference  Each 
of  these  .s  held  roughly  every  1 8  months 

?  Anthony  Cata, ano  National  Renewable  Energy  Laboratory  personal  communication  May  3.1994 
‘Jerry  Bishop  New  Sil  con  Cell  Can  Halve  Cost  of  Solar  Energy,  "  Wall  Street  Journa!  19, 1994  p  Bfi 
‘Catatano  op  cA  footnote  2 

(continued) 
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BOX  5-7  (cont'd.);  Photovoltaic  Technologies 


Concentrator  systems  use  low-cost  mirrors  or  lenses'to  focus  light  on  a  small,  high-efficiency  (but  ex¬ 
pensive)  PV.  Concentrator  systems  are  more  complex  and  are  only  able  to  use  the  direct  component  of 
sunshine.  On  the  other  hand,  sufficiently  low-cost  lenses  can  compensate  for  the  higher  cost  and  complex¬ 
ity  of  tracking  systems;  sufficiently  high-efficiency  concentrator  PVs  can  compensate  for  the  loss  of  diffuse 
radiation  and  losses  of  light  passing  into  and  through  the  lens.  Together,  these  can  lower  the  overall  cost  of 
electricity  from  PVs.  Because  concentrator  systems  are  more  complex,  they  generally  will  need  to  be 
deployed  in  somewhat  larger  units  than  flat-plate  PVs,  which  can  be  made  use  of  in  units  as  small  as  desir- 


Projected  costs  for  photovoltaics  are 
shown  in  figure  2.  In  the  near  to  mid-term, 
these  costs  would  make  PVS  competitive  in  a 
variety  of  niche  markets,  gradually  expanding 

0. 

to  important  utility  markets  as  costs  continue 
to  decline  in  the  longer  term.  There  are  sever¬ 
al  factors  that  suggest  that  PVs  will  be  able  to 
meet  these  cost  projections: 
mHigh  efficiencies,  PV  cells  under  devel¬ 
opment  have  demonstrated  efficiencies  q  ^ 
sufficiently  high  to  make  these  costs  po¬ 
tentially  achievable.  Good  progress  has  g  g 
also  been  made  in  translating  laborato¬ 
ry  advances  into  commercial  products,  ^ 
although  the  lag  time  Is  often  five  years  2 


Cost  Projections  for 
Photovoltaic-Generated  Electricity 


;ost  of  electricity  .($/kWh) 


■  Alternative  paths.  There  are  numerous 
alternative  PV  materials  and  manufac¬ 
turing  processes,  as  well  as  many  sys¬ 
tem  designs,  providing  confidence  that 
at  least  some  technology  and  engineer¬ 
ing  paths  will  prove  successful  in  reach¬ 
ing  these  goals. 


‘  Lenses  are  generally  used  with  PVs  while  mirrors  are 
generally  used  with  solar  thermal  systems  The  reason  for 
this  difference  m  approach  is  that  concentrating  cells 
need  to  be  cooled  m  order  tomalmain  their  high  efficiency 
Passive  cooling  technologies  are  preferred  due  to  their 
simplicity,  but  these  require  large  heat  fins  to  allow  effec¬ 
tive  convective  heat  transfer  With  a  mirrored  system, 
these  large  heat  fins  would  naturally  lie  between  the  sun 
and  the  mirror,  blocking  some  of  the  inconning  sunlight 


NOTE;  The  cos!  o!  PV-generaled  e(ecinc»ty  is  expected  to  drop  to  the 
range  of  1 0c  to  200/kWh  by  the  year  2000.  and  continue  to  decline  rap¬ 
idly  in  foliowing  years  depending  in  large  part  on  the  scate  of  manufac¬ 
turing.  Longer  term  cost  reductions  also  depend  on  lowering  the  costs 
of  other  system  components  and  installation  methods.  Some  recent 
pfojeclions  indicate  costs  could  be  iower  by  the  year  2000.  The  shaded 
range  encloses  most  of  the  expert  estimates  reviewed,  with  all  est»* 
mates  in  constant  1992  dollars  and.  where  necessary,  capital  cost  and 
other  estimates  converted  to  ^/kWh  using  discount  rates  of  10  and  15 
percent  (with  3  percent  Inflalion)  High  and  low  values  developed  by  the 
Department  ot  Energy  are  shown  as  •. 

SOURCE:  Otlice  o!  Technology  Assessment,  based  on-  U  S.  Depart¬ 
ment  of  Energy,  “Renewable  Energy  Technology  Evolution  Rationales." 
dratl. Ocicber  1990;  Thomas  B.  Johansson et  ai.  {eds ), Renevvab/e En¬ 
ergy  Sources  tor  Fuels  arid  Flectridty  {V^ashinglon.  DC:  Island  Press. 
1933):  John  Doyle  el  a\.,Summ8fyof  New  Generation  Technologies  and 
Resources  (San  Ramon.  CA:  Pacific  Gas  and  EiectrlcCo  .  1993),  and 
Bechtei  Group,  Inc..  Engineering  and  Economic  Evaluatiori  of  Central' 
StationPhotQVOltaic  Power  Plants .  EPRI TR- 1 0 1 255  (Palo  Alto.  CA  E  iec- 
tric  Power  Research  Institute.  December  1992) 


With  lenses,  these  heat  fins  naturally  lie  behind  the  cell 

and  thus  do  net  cause  any  shading  In  addition.  PVs  are  sensitive  to  hot  spots  — where  the  light  <s  more  highly  concenirated~due  to 
impertections  in  the  mirror  or  lens.  Such  imperfections  are  more  easily  controlled  with  ienses  than  with  mirrors. 
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BOX  5-7  (cont'd .);  Photovoltaic  Technologies 


•  Low-cost  materlas.  Both  thin-film  and  concentrator  PVs  use  very  small  amounts  of  active  elec¬ 
tronic  materials  This  minimizes  the  cost  of  production 

■  Design  studies  Detailed  engineering  design  estimates  for  the  near  to  mid-term  show  that  dra¬ 
matic  cost  reductions  are  possible  with  just  modest  improvements  in  commercial  products  and 
the  advantages  of  mass  production,® 

•  Additional  manufacturing  cost  reductions  Will  include  Improvements  in  polycrystalline  ingot  cast¬ 
ing,  improved  sawing  for  slicing  ingots;  the  development  of  ribbon  technologies  to  improve  han¬ 
dling  of  wafers  and  reduce  silicon  waste,  Innovations  to  allow  continuous  deposition  of  thin  film 
PV  layers;  and  various  strategies  for  reducing  the  cost  of  solar-grade  silicon 

Environmental  Impact 

A  variety  of  toxic  chemicals  are  used  in  the  manufacture  of  PVs,  but  emission  of  these  toxics  are  rou¬ 
tinely  minimized' and  PV  production  facilities  pose  little  risk  for  their  surroundings  Although  some  toxic 
materials  such  as  arsenic  and  cadmium  are  contained  within  some  types  of  PVs,  studies  indicate  that  they 
are  well  Immobilized  within  the  cell  and  pose  very  little  threat  to  the  environment  ®PVs  also  generate  no 
greenhouse  gas  emissions  during  operation,  Overall,  PVs  are  perhaps  the  most  enbotonmentally  benign  of 
all  the  renewable  energy  technologies 


6  yvjStotie.  “Ef'gjneerlngardEconofnicEv^LahDnolCeniral'StatiooPnoJovoiraic  Power  plants,  ’  EPf^lf+@  TR- 101265  De¬ 
cember  1 992  Oaniel  S  5hugar  f**  al  Gas  &  Fleciric  Co  ,  Comparison  of  Solar  Thermal  Troughs  with  Phoiovoitatc.s  as  a  PG&£ 
Central  Station  Resource  in  the  1990s  '1991  Yjiaka  Hayashiet  al  Design  Option  for  a  Crystalline  Silicon  Solar  Cell  '  Technicaf 
OigerA  of  thQ  {niernarionaf  evSf:C’ri[K'/(j\c  Japan  1990),  G  Oarka^aili  et  al  'Sensiwvilv  Analysis  and  Evaluation  of 
Cost  of  Crystalline  SiJJOonPV  Modules  paper  presented  at  fhfi22nd  IEEE  Phoiovoftaic  Specialists  Conference  Las  Vegas  NV,  Octo¬ 
ber  1991,  D  E  Canson.  Low-Cost  Power  from  Thin-Film  Photovoltaics  “  ,Johanssor:  et  al  (eds  )  op  n«  footnote  1  J  VVorilgenryLitf’-et 
al  SoiarexCorp  ‘Cost  EHeciiveness  of  High  Effic'encv  Cell  Processes  as  Applied  to  Cast  Polycrystalline  Silicon  ‘  n  r«and 
Maycock,  personal  conMnunicahons.  1992  and  1993 

^P  D  MosKowiti’  et  al  Safety  Ar-alys^s  for  the  Use  of  Hazardous  Production  Materials  tnPhofnvoliaic  Appiicalicns  Advances  /.o 
So/er  Energy  voi  8,  Morton  Prince  (ed  )  (Boulder  CO  American  Solar  Energy  Society,  1992),  pp  345-396 

8  Kenneth  Zweibel  end  Richard  Mitcheir'CulnSep  and  CriTe  Scaie-up  lor  Manufacturing,  ”  Advances  Solar  Energy,  vo!  6  Karl 

W  Boer  (ed  )  (Boulder  Co  American  Solar  Energy  Society  1990)  pp  485-579 


around  $5  billion  to  $9  billion  (globally)  for  both 

additional  RD&D  and  commercialization  sup- 
pQj.[g "  Such  estimates  are  based  on  rough  extrap¬ 
olations  of  the  observed  learning  curve  for  PV  and 
other  industries.  Estimates  of  the  return  on  R&D 


specifically  have  not  been  possible,  however,  giv  - 
en  currently  available  data.*  Although  this  is  a 
Significant  expenditure,  it  is  just  one-fifth  to  one- 
tenth  that  projected  for  the  U.S.  investment  alone 


®G.D.Codyand  jj.Ticdjc,‘''nicPoieiiiialfor  UtitilyStalePholovoltaifTechnology  in  the  Developed  World:  I WO-20  10,  ”  Knergy  urui  the 
Emiromient.^.  Abcle.s  et  al.  (cds.)  (River  Edge,  NJ:  World  Scientific  Publishing  Co.,  1992);  World  Energy  Council,  Reni'wihle  Encr^y^Q- 
sources,  Opportunities  and  Cnnstrainn  1990 England;  September  1993);  iind  Robert  H.  Willinnis  and  Gregory  Tcr/ian.  A 
HeneJuiCou  Analysix  of AcceleraU'd  Development  of  Pho{<)voUatcTechnoh}i\\^t\iQn'HQ.  231  (Princeton,  NJ:  Center  for  Energy  and  Environ¬ 
mental  Studies,  October  1993). 

50  Kenneth  Richards,  Dynamic  Opumizatirm  of  the  PhatovoUaic  CommcrcUdiza('wnProcexs{'^as>\migXQTi,  rx'  -  BaucUc. pacific  Northwest 
Laboratories.  June  30,  l993).p-  51  and  following. 


NOSiVIOOSSV  S-HcJiS^iaNl  AOW3N3j 


170 1  Renewing  Our  Energy  Future 


The  Solar  One  Central  Receiver  test  facffity  in  California  This 
W-MW  facility  provided  rnuch  valuable  data  over  six  years  of 
testing  and  ;.s  novr  being  upgraded  to  test  improved  receivers 
and  thermal  storage,  heliostat  design,  and  other 
technologies. 

to  develop  a  prototype  fusion  reactor  and  deter¬ 
mine  the  technical  and  commercial  feasibility  of 
that  energy  resources/' 

I  Solar  Thermal 

Solar  thermal  electric  plants  use  mirrors  to  con¬ 
centrate  sunlight  on  a  receiver  holding  a  fluid  or 
gas,  heating  it,  and  causing  it  to  turn  a  turbine  or 
push  a  piston  coupled  to  an  electrical  generator.'*'" 
Solar  resources  are  described  in  box  5-6  and  solar 
thermal  technologies  are  described  in  box  5-8. 
The  basic  forms  of  solar  thermal  collectors  are 
shown  in  figure  5-2. 


Some  354  MW  of  solar  parabolic  trough  ther¬ 
mal  powerplant  capacity  were  installed  in  Cali¬ 
fornia’s  deserts  between  1984  and  1991,  and 
demonstrated  increasing  reliability  and  perfor¬ 
mance  and  decreasing  costs  with  each  generation. 
The  levelized  cost  of  electricity  for  the  most  recent 
generation  of  plant  dropped  to  roughly  100  to 
120/kWh,  with  expectations  that  the  next  genera¬ 
tion  plant  could  reach  costs  as  low  as  80/kWh.*^ 
Further  development  of  this  type  of  solar  thermal 
electric  system  has  been  significantly  delayed  by 
the  bankruptcy  of  Luz,  Inc.,  in  1991  (see  chapter 
6).^'' This  experience  showed,  however,  that  solar 

thermal  is  a  technically  viable  option  and  could 
potentially  be  cost-competitive  with  many  fossil 
systems. 

The  Solar  One  Central  Receiver^^  similarly 
performed  well,  achieving  99  percent  heliostat 
availability  and  96  percent  overall  availability  for 
the  entire  powerplant.  ^6  Its  energy  production  was 

somewhat  lower  than  predicted,  however,  and  the 
next  generation  system  now  in  planning  and  de¬ 
velopment,  Solar  Two,  has  been  designed  to  side¬ 
step  this  problem/^  Advances  have  been  made 
and  tested  on  direct-absorption  receivers,  helio¬ 
stat  design  and  materials,  and  other  components. 

Parabolic  dish  systems  have  also  seen  consid¬ 
erable  advances,  including  the  development  of 
stretched  membranes  dishes,  advanced  receivers, 
and  long-lived  Stirling  engines.  Small  7  kW  sys¬ 
tems  are  now  being  developed  by  Cummins  Pow- 


S I  VS.  Congress,  OfTiccof  Technology  Assessment,  The  Fusion  Energy  Program:  NextStepsforTPXandAlternateConcepts.OTA’BP- 
KTM  41  (Washington,  DC:  U.S.  Government  Printing  Office,  February  1995). 

some  cases,  ilie  solar  heated  fluid  or  gas  may  pass  through  a  heat  exchanger  and  heat  a  separate  fluid  or  gas  that  actually  turns  the 

turbine. 

natural  gas. 

•>4  For  a  history  of  why  Luz  went  bankrupt,  see  Michael  Loxkcr,  Barriers  To  Commercialization  of  Large-Scale  Solar  -/r’Cr/V’C/nv  Lessons 
Learned  from  the  Lu:  Experience,  SAND9  I  -7014  (Albuquerque,  NM:  Saudia  National  Laboratory,  November  1991);  and  Newton  Becker, 
“Tlie  Demise  of  I-uz:  A  Case  Study,”  Solar  Today,  January/February  1992,  pp.  24-26. 

55  This  system  was  tommis-sioned  in  1982  and  shut  down  in  I9fi8. 

56  Richard  Diver.  “.Solar  Thermal  Power.  Technical  Progress.  ^^  \\\  Progress  m  Solar  Energy  Technologies  and  Applications:  An  Authorita¬ 

tive  Revieiv  (Boulder,  CO:  American  Solar  Energy  Society,  January  1994). 

^^Pt>wcr  generation  by  lowered  in  large  part  due  to  passing  clouds  causing  the  generator  10  trip  off-line.  In  Solar  Two,  this  is 

being  avoided  primarily  through  the  use  of  molten  salt  thermal  storage,  which  will  provide  energy  through  disruptions  by  passing  clouds. 
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er  Generation,  a  subsidiary  of  Cummins  Engine 
Company,  in  a  joint  venture  with  DOE/Sandia  Na¬ 
tional  Laboratory  and  are  slated  for  commercial¬ 
ization  in  1996. 

Parabolic  trough  and  central  receiver  systems 
are  generally  large-scale  systems,  typically  50  to 
200  MW,  and  so  will  be  operated  much  as  conven¬ 
tional  large-scale  fossil  plants  are  today.  Parabolic 
dish  systems  can  be  operated  in  small  units  and 
can  then  be  used  in  remote  or  distributed  utility 
applications  (see  below);  larger  dishes  could  be 
operated  in  large-scale  grid  connected  systems. 
All  of  these  systems  can  be  operated  as  hybrids, 
most  often  using  natural  gas  to  supplement  and 
extend  the  solar  energy  that  is  collected.  This  is 
particularly  important  for  extending  power  output 
into  evening  peak  hours. 

The  solar  thermal  electric  industry  consists  of  a 
mix  of  large  and  small  firms.  Luz,  a  relatively 
small  independent  firm,  was  the  primary  develop¬ 
er  of  parabolic  trough  systems  until  its  bankrupt¬ 
cy.  Unable  to  interest  utilities  in  buying  turnkey 
projects/Xuz  turned  to  manufacturing,  develop¬ 
ing,  and  operating  parabolic  trough  systems  itself, 
with  financing  from  large  institutional  and  corpo¬ 
rate  investors.  Following  the  bankruptcy  of  Luz, 
the  investors  formed  or  contracted  separate  oper¬ 
ating  companies  to  maintain  and  operate  the 
plants  at  l6:amer  Junction,  Daggett,  and  Harper 
Lake,  California,  Although  much  interest  has 
been  expressed  around  the  world  in  developing 
additional  parabolic  trough  systems,  with  a  num¬ 
ber  of  feasibility  studies  under  way,  no  firm  com¬ 
mitments  have  yet  been  made.^^ 

Central  receivers  have  been  primarily  sup¬ 
ported  by  large  firms  such  as  Bechtel  and  Rock¬ 
well  International,  although  some  small  firms 
such  as  Advanced  Thermal  Systems  have  also 
played  roles.  Currently,  central  receiver  develop¬ 
ment  is  proceeding  through  the  10-MW  Solar  Two 
project,  cost-shared  between  DOE  and  a  number 


of  utility  and  other  partners,  including  Southern 
California  Edison,  Sacramento  Municipal  Utility 
District,  Los  Angeles  Department  of  Water  and 
Power,  Idaho  Power  Company,  Pacific  Gas  and 
Electric,  Electric  Power  Research  Institute,  and 
Bechtel,  At  least  three  firms-Bechtel,  Rockwell 
International,  and  Science  Applications  Interna¬ 
tional — are  developing  a  joint  business  plan  for 
commercializing  100-  to  200-MW  central  receiv¬ 
ers  in  the  late  1990s. 

Dish  Stirling  systems  are  now  receiving  consid¬ 
erable  support  from  large  companies  such  as 
Cummins  Engine,  Detroit  Diesel,  and  Science 
Applications  International,  as  well  as  by  small 
firms  such  as  Solar  Kinetics,  Accurex,  and  Indus¬ 
trial  Solar  Technology.  There  is  a  significant  in¬ 
dustry  commitment,  cost-shared  with  the  federal 
government,  to  commercializing  this  technology. 
Cummins  Power  Generation,  a  subsidiary  of 
Cummins  Engine,  has  been  developing  a  small- 
scale  (7-kW)  parabolic  dish  system  since  1988; 
commercialization  is  planned  in  1996,  Under  the 
Utility-Scale  Joint- Venture  program,  Science  Ap¬ 
plications  International  and  others  are  developing 
a  25 -kW  dish  system  that  is  expected  to  produce 
power  at  6~/kWh;  commercialization  is  planned 
for  1997.  Some  56  dish  systems  will  be  manufac¬ 
tured  and  demonstrated  at  U.S.  utilities  under  this 
program. 

Research,  Development,  and 
Demonstration  Needs 

RD&D  needs  include  better  materials  and  life¬ 
times  for  stretched  membrane  mirrors  and  other 
optics,  improved  selective  surfaces,  advanced  re¬ 
ceiver  designs,  long-lived  and  high-efficiency 
Stirling  and  other  engines,  and  improved  control 
systems.  Much  of  this  RD&D  is  focused  on  basic 
materials  issues  beyond  the  scope  of  individual 
firms  now  developing  solar  thermal  systems. 


SBHamrinandRadcr.  op.  cit.,  footnote  7. 

^‘'Couniries  currently  examininjt  the  I'easibility  ni  installing  parabolic  trough  plants,  with  some  iilicad)  applying  for  Vv'im  kl  Rank  support, 
include:  India,  Iran,  Israel,  Mexice,  Morocco,  and.Spain,  David  Koarnv^y,Kearne>Jin<i  Associates,  personal  communication,  Au:.  24, 1994. 
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BOX  5-8:  Solar  Thermal  Technologies 


Solar  thermal  systems  are  typically  categorized  by  the  type  of  collector  used  parabolic  trough,  central 
receiver,  parabolic  dish,  and  solar  pond,  ’ 

Parabolic  trough  systems  currently  account  for  more  than  90  percent  of  the  world's  solar  electric  capac¬ 
ity.  These  systems  have  long  (100  meters  or  more)  trough-shaped  mirrors  with  a  tube  at  the  focal  line  along 
the  center  The  trough  tracks  the  sun’s  position  in  the  sky.  The  tube  is  clear  glass  with  a  black  metal  pipe 
carrying  heat-absorbing  fluid  down  the  middle.  To  minimize  heat  loss  from  the  black  absorbing  pipe  back 
to  the  outside,  the  pipe  has  special  coatings  (selective  surfaces)  that  reduce  the  amount  of  heat  it  radiates 
and  the  space  between  the  absorbing  pipe  and  the  glass  tube  is  evacuated  to  prevent  heat  conduction  by 
air  molecules.  The  fluid  heated  in  the  pipe  is  then  pumped  to  where  it  can  either  indirectly  (through  a  heat 
exchanger)  or  directly  expand  through  a  turbine  to  generate  electricty.  The  potential  of  solar  troughs  is 
limited  by  the  relatively  low  concentration  ratios  and  receive  temperatures  {400“ C  or  750T)  that  can  be 
realized,  leading  to  relatively  low  turbine  efficiencies. 

Centra!  receivers  have  a  large  field  of  mir-  *  n  ■  r  o  i  -ru  i 

,  .  r  .  Cost  Projections  for  Solar  Thermal 

rors, known  as  heliostats,  surrounding  a  fixed 

receive  mounted  on  a  tower.  Each  of  the  he-  ^  .  «  .  . . 

^  ^  Cost  of  electricity  ($kWh) 

liostats  Independently  tracks  the  sun  and  fo-  Q.l  - - - 

cuses  light  on  the  receiver  where  it  heats  a  *  (. 

fluid  or  gas  This  fluid  or  gas  is  then  allowed  o,o8- 
to  expand  through  a  turbine,  as  before.  Key 

technical  developments  have  been  the  devel-  aod-f ^ 

opment  of  stretched  membrane  mirrors  to  re-  _ 

place  the  glass  and  metal  mirrors  previously  o.04- 
used.'The  stretched  membrane  consists  of  a 
thin  sheet  of  highly  reflective  material  (plastic)  o.02- 
held  In  a  frame  and  curved  to  the  desired 

shape. ^They  weigh  much  less  than  the  glass  0  ~ 

and  metal  mirrors  used  previously,  saving  ma-  2000  2010  2020  20^ 

terials  and  reducing  the  weight  on  and  the 

cost  of  the  supporting  frame.  Stretched  mem-  NOTE  The  cost  of  solar  ihemia!  -- parabolic  trough,  central  receiver, 
branes  have  been  developed  that  hold  up  well  f  f 


cost  of  the  supporting  frame.  Stretched  mem-  NOTE  The  cost  of  solar  ihernia!  -- parabolic  trough,  central  receiver. 

,  1  j  ...^11  and  parabolic  d>sh— generated  electricity  IS  expected  to  drop  to  the 

branes  have  been  developed  that  hold  up  well  ^  ^  .  .  7.  c 

range  of  7^  to  12^/kWh  by  the  year  2000.  with  long-term  costs  of  4,50  to 

90/kWh  for  the  more  efficient  central  receiver  and  parabolic  dish  sys* 

..  ...  tems.dependingontheparticuiartechnology.theuseofslorageornal- 

^  Solar  pond  systems  use  a  large  shallow  pond  with  a  ,  ^  .  -ru  u  j  ^  « 

^  ^  ...  uralgasbackup.  and  other  lactors.  The  shaded  range  encloses  most  of 

hiqh  density  of  dissolved  salt  to  absorb  and  trap  heat  at  ..  ..... 

^  y  .the  expert  estimates  reviewed,  with  ail  estimates  put  in  constant  1992 

the  bottom,  they  do  not  use  concentrating  mirrors  An  ex-  .  „  ^  .  .  .  . 

^  ^  ^  dollars  and.  where  necessary,  capitaf  cost  and  other  estimates  con- 

tens^e  networi.  of  tubes  then  circulates  a  special  fluid  10  of  10  aod  15  percent  (vath  3  per- 

absorb  ihinhealThe  fiu.dthen  expands  and  turns  a  lor-  ce„„n„a,i,,„.HighandlawvaluesdevelcpedDylheDepartmentofEn. 

bine  Because  of  the  very  low  temperatures  revolved,  typ- 

,  ^  j  ergy  are  shown  as  . 

icalry  around  90®C.  solar  pond  systems  are  necessarily 

very  low  efficiency  and  require  exlensA/e  piping  networks  SOUBCE:  Office  of  Technology  Assessment,  based  on.  U  S.  Depart* 

to  capture  the  heat  absorbed  Solar  @  rids  also  use  huge  ment  of  Energy.  Renewable  Energy  Technology  Evolution  Rationales . 

amounts  of  water,  perhaps  SOlimes  that  of  a  conventional  draft.  October  1990.  Thomas  B.  Johansson  et  al.  (eds.).  Renewable Eri' 

powerplani  Their  costs  are  likely  to  remain  high  for  the  for-  ergy;  Sources  forFuets  end  Electncity  (Washington,  DC.  Island  Press, 

seeable  future  and  their  applications  are  likely  to  be  lim-  f  993):  and  John  Doyfeet  a!..  Summary  of  Ne^' Generation  Technologies 

iled;  they  will  not  be  considered  further  here  DOE  funding  stnd  Resources  (San  Ramon,  CA-  Pacific  Gas  and  Electric  Co..  1993). 

for  solar  ponds  was  ler rninated  in  1 983 

^Some  are  examining  mirror  systems  consisting  of,  for  example,  plastic  membranes  and  glass  reflecting  elements 
®The  space  behind  the  stretched  membrane  is  typically  partially  evacuated,  i  e  held  at  a  lower  air  pressure,  so  that  the  air  pres¬ 
sure  outside  pushes  the  membrane  Into  a  cun/e  that  focuses  the  light 
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BOX  5-8  (cont’d.):  Solar  Thermal  Technologies 


to  gusty  winds,  but  overall  lifetimes  are  still  short  (5  to  10  years),  the  reflective  coating  is  easily  scratched,  i 
and  effective  low-cost  cleaning  techniques  could  use  further  refinement  The  design  of  the  receiver  is  also  . 

undergoing  extensive  research,  with  much  of  the  emphasis  on  molten  salts  as  the  working  fluid.  The  molten  ^ 

salt  would  provide  thermal  storage  to  allow  better  matching  of  system  output  to  utility  needs  and  to  carry 
system  operation  through  brief  passing  clouds  Central  receivers  achieve  temperatures  of  typically  650°C 
(1  ,200T) 

Parabolic  dish  systems  use  a  large  dish  or  set  of  mirrors  on  a  single  frame  with  two-axis  tracking  to 
reflect  sunlight  onto  a  receiver  mounted  at  the  focus,  Most  commonly,  a  free  piston  Stirling  engine  is 
mounted  on  the  receiver,  but  hot  fluids  can  also  be  piped  to  a  central  turbine  as  in  the  parabolic  trough  and 
central  receiver  systems  Current  research  is  focusing  on  lowering  the  cost  of  the  mirror  'stems  through 
the  use  of  stretched  membranes  and  to  Improve  the  reliability  and  performance  of  the  Stirling  engine." 

Stirling  engine  lifetimes  of  50,000  hours  (about  10  years)  with  little  or  no  maintenance  are  needed  and  are 
being  developed.*  In  comparison,  the  typical  automobile  engine  must  have  minor  maintenance  every  250 
hours  or  so,  and  a  major  overhaul  perhaps  every  2,500  hours.  “Parabolic  dishes  can  achieve  the  highest 
temperatures  (800'C  or  1,500T)  and  thus  the  highest  efficiencies  of  concentrating  solar  thermal  systems  I 

Parabolic  dish  systems  currently  hold  the  efficiency  record  of  31  percent  (gross)  and  29  percent  (net)  for 
converting  sunlight  into  electricity  ' 

All  of  these  systems  concentrate  the  sunlight  to  increase  the  operating  temperature  of  the  absorbing 
fluid  and  thus  increase  the  efficiency  of  the  turbine  or  engine  that  is  driven,  Concentration  works  only  with 
the  direct  beam  component,  so  regions  with  clear,  dry  air— such  as  the  American  Southwest — are  prefera¬ 
ble,  although  operation  in  other  climates  is  possible  “ 

Central  receiver  and  parabolic  dish  systems  have  higher  concentration  ratios  than  solar  troughs,  and 
therefore  the  potential  to  achieve  higher  efficiencies  and  lower  costs  for  generated  electricity  Projected  j 
costs  for  solar  thermal  technologies  generally  are  shown  in  the  figure  and  are  expected  to  be  competitive 
with  fossil  systems  in  a  variety  of  applications  In  the  mid-  to  longer  term. 

Environmental  Impact 

Solar  thermal  technologies  can  poter  '^lly  impact  the  environment  in  several  ways,  including  affecting 
wildlife  habitat  through  land  use,  using  large  amounts  of  water  in  arid  regions,  or  releasing  heat  transfer 
fluids  or  other  materials  into  the  environment,  Proper  siting  and  controls  can  minimize  these  potential  im¬ 
pacts  Natural  gas  cofiring  produces  nitrogen  oxides  and  carbon  dioxide  emissions,  but  these  emissions 
would  be  proportionately  less  for  a  solar  thermal  hybrid  than  for  conventional  fossil  fuel  use  alone  Overall 
environmental  impacts  appear  to  be  quite  low 


‘Charles  W  Lopez  and  Kenneth  W  Stone,  “Design  and  Performance  of  the  Southern  Caiilornia  Edison  StTimg  Dish,  ”  So!ar  Enqi- 
neer/ng.  vo!2  1992,  pp  945-952,  and  Graham  T  Reader  and  Charles  Hooper  Sr/rAng  Engines  (New  York,  NY  E  &  F  N  Spon  1983) 
‘Pascal  De  Laqu;'  111  et  al  “’Solar  Thermal  Fleclnc  Technology, "  Renewable  Energy  Sources  for  Fuels  end  Electricity  .Thomas  B 
Johansson  el  al  (eds  )  (Washington  DC  Island  Press,  1993) 

fi  For  an  automobile,  an  01 1  change  every  7,500  miles  corresponds  to  250  hours  of  operation,  assuming  an  average  operating 

speed  of  30  mph  Simiiofiy  a  mapr  overhaul  every  75,000  miles  corresponds  to  2,500  hours  of  operation 

7  William BStme. Progress  inPeraboUco®  Technology. SERVSP -220-3237  (Golden,  CO  Soiar  Energy  Research  Institute. 

1989) 

8  For  example project  has  been  operoted  .nL'^ncasier  Pennsylvania  to  pomp  water  Sea  Soiar  Thermo,  Power 
Generation  Is  Viable  mthe  Northeast  Solnr  Industry  Journal.  3,  No  4,  1992,  pp  14-15 


SOURCE  Office  of  Technology  Assessment.  1995. 
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FIGURE  5-2:  Solar  Thermal  Collectors 
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I  Wind 

Wind  energy  systems  use  the  wind  to  turn  their 
blades,  which  are  connected  to  an  electrical  gener¬ 
ator.  Wind  energy  resources  and  technologies  are 
described  in  box  5-9. 

Wind  technology  improved  dramatically  dur¬ 
ing  the  past  decade.  Costs  for  wind-generated 
electricity  were  reduced  from  over  $  1/kWh  in 
1981  to  50  to  60/kWh  today,  with  the  best  plants 
now  coming  in  as  low  as  4.30/kWh  on  a  real  level- 
ized  basis  in  areas  with  high-quality  wind  re¬ 
sources.  60A  number  of  factors  contribute  to  these 

gains,  including:  advances  in  the  design  of  wind 
turbine  blades  (15  to  30  percent  energy  gain);  ad¬ 
vances  in  and  cost  reductions  of  power  electronics 
(5  to  20  percent  energy  gain);  improved  designs 
and  materials  to  lower  operations  and  mainte¬ 
nance  costs;  and  better  understanding  of  wind  en¬ 
ergy  resources  and  siting  needs.  More  than  1,700 
MW  of  wind  capacity  were  installed  in  California, 
where  more  than  1.5  percent  of  all  electricity  con¬ 
sumed  is  now  generated  by  the  wind — enough 
electricity  to  supply  all  the  residential  needs  of 
one  million  people.  Worldwide,  a  wind  capacity 
of  3,200  MW  is  now  connected  to  electricity 
grids  .  wind  systems  ai'e  now  poised  to  enter 

large-scale  markets  in  many  areas.  Recent  U.S, 
commitments  include  Northern  States  Power  for 
425  MW,  Lower  Colorado  River  Authority  for 
250  MW,  and  Portland  General  Electric  for  100 
MW. 

Wind  systems  provide  intermittent  power  ac¬ 
cording  to  the  availability  of  wind.  Small,  stand¬ 
alone  wind  systems,  often  backed  up  with  battery 
storage,  can  be  used  in  a  variety  of  remote  applica¬ 
tions.  Large  wind  turbines  can  be  sited  individual¬ 
ly,  or  more  commonly  in  ‘‘wind  farms,”  and 
connected  to  the  electricity  grid.  The  extent  to 
which  wind  power  can  offset  other  electricity¬ 
generating  capacity  then  depends  on  its  match 


6()yhe  Nortliem  States  Power  25-MW  pj„(  now  online  costs  4.7 c/kWh  and  the  Sacramento  Municipal  Utility  District  system  kWh. 
Randy  Swisher,  American  Wind  Energy  Association,  personal  communication,  May  1994. 

I  Gerald  W.  Braun  and  Don  R,  Smith,  “Commercial  Wind  Power:  Recent  Experience  in  the  United  States,”  Annual  Review  Of  Energy  mui 
[he  Environment,  voL  17,  1992,  pp.  97-121. 
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BOX  5-9:  Wind  Energy  Resources  and  Technologies 


Three  key  factors  distinguish  wind  energy 
resources  the  variation  In  the  power  of  the 
wind  with  Its  speed,  the  variation  in  available 
wind  speeds  at  a  given  site  over  time  periods 
ranging  from  seconds  to  months,  and  varia¬ 
tions  In  wind  speed  with  height  above  the 
ground.  These  have  Important  implications  for 
wind  turbine  design  and  operation. 

The  power  available  In  the  wind  Increases 
with  the  cube,  I.e.  V,  of  the  wind  speed  Be¬ 
cause  of  the  factor  V^  wind  turbines  must 
handle  a  huge  range  of  power.  From  the 
speed  at  which  the  turbine  reaches  Its  rated 
power  to  the  speed  at  which  the  turbine  Is 
stopped  (cut-out  speed)  to  prevent  damage, 
the  power  In  the  wind  Increases  by  typically 
more  than  six  times  This  variation  In  wind 
power  with  wind  speed  has  led  to  the  devel¬ 
opment  of  a  variety  of  techniques  to  aid  effi¬ 
cient  collection  of  power  at  low  speeds  and  to 
1  limit  and  shed  excess  wind  power  from  the 
turbine  blades  at  high  speeds.  Because  the 
wind  rarely  blows  at  very  high  speeds,  build¬ 
ing  the  wind  turbine  strong  enough  to  make 
full  use  of  high  winds  Is  not  worthwhile. 

The  sensitivity  of  wind  power  to  wind 
speed  also  requires  extremely  careful  pros¬ 
pecting  for  wind  sites.  A  10-percent  differ¬ 
ence  in  wind  speeds  gives  a  30-percent  difference  m  available  wind  power. 

Wind  speeds  can  vary  dramatically  over  the  course  of  seconds  and  minutes  (turbulence),  hours  (diur¬ 
nal  variation),  days  (weather  fronts),  and  months  (seasonal  varilatlons).  The  best  locations  are  those  with 
strong,  sustained  winds  having  little  turbulence  Finding  such  locations  requires  extensive  prospecting  and 
monitoring 

Although  the  power  output  of  any  particular  wind  turbine  will  fluctuate  with  wind  speed,  the  combination 
of  many  wind  turbines  distributed  over  a  geographic  area  will  tend  to  smooth  out  such  fluctuations.  This 
“geographic  diversity”  is  an  Important  factor  in  system  Integration.  On  the  other  hand,  in  a  large  array  of 
wind  turbines — ^a  “wind  farm" — the  Interference  of  one  wind  turbine  with  Its  neighbors  must  be  taken  Into 
account  by  carefully  spacing  and  arranging  the  turbines."' 

Winds  also  vary  with  the  distance  above  ground  level,  this  is  known  as  “wind  shear”  Typically,  winds  at 
50  meters  will  be  about  25  percent  faster  and  have  twice  the  power  as  winds  at  10  meters.  The  cost-effec- 
tivess  of  tapping  these  higher  winds  Is  then  a  tradeoff  between  the  cost  of  the  higher  tower  and  the 
additional  power  that  can  be  collected. 


Cost  Projections  for  Wind  Energy 

Cost  of  electricity  ($/kWh) 


NOTE  The  cost  of  wind-generated  electricity  has  dropped  from  over 
$1/kWh  In  1981  to  as  low  as  4.30/kWh  in  1994,  ancfelexpected  to  contin¬ 
ue  to  drop  to  30  to  40/kWh  for  a  large  range  of  wind  resources  by  2030 
The  shaded  range  encloses  most  of  the  expert  esiimaies  reviewed,  with 
all  estimates  put  in  constant  1992  dollars  and,  where  necessary,  capital 
cost  and  other  estimates  converted  to  0/kWh  using  discount  rates  of  10 
and  15  percent  (with  3  percent  inflation)  High  and  low  values  devel¬ 
oped  by  the  Department  of  Energy  are  shown  as  * 

SOURCE  Off  Ice  of  Technology  Assessment,  based  on  U  S  Depart¬ 
ment  of  Energy,  “Renewable  Energy  Technology  Evolution  Rationales  ‘ 
draft,  October  1990,  Thomas  B  Johansson  et  al  (eds. ),  Renewable  En¬ 
ergy  Sources  for  Fuels  and  Electricity  (Washington,  DC  Island  Press 
1993),  and  John  Doyle  et  al  Summary  of  New  Generation  Technologies 
and  Resources  (San  Ramon,  CA  Pacific  Gas  and  Electric  Co  ,  1993) 


‘  Michael  J  Grubb  and  Niels  I  Meyer  “Wind  Energy  Resources  Systems,  and  Regional  Strategies  Renewahie  Energy 
Sources  for  Fuel  and  Electnaty,  Thomas  B  Johansson  et  alf eds  )  (Washington,  DC  Island  Press,  1993) 
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BOX  5-9  (cont’d.):  Wind  Energy  Resources  and  Technologies 


Wind  shear  places  great  stress  on  turbine  blades.  For  a  rotor  with  a  diameter  of  25  meters  and  its  cen¬ 
ter  (hub)  25  meters  off  the  ground,  the  variation  in  wind  speed  with  height  above  the  ground  will  result  in  a 
nearly  50-percent  variation  in  wind  power  between  the  top  and  bottom  of  the  rotor  arc.  This,  plus  the  effects 
of  gravity,  wind  turbulence  (gusts),  the  ‘lower  shadow”  on  down-wind  turbines,  and  other  factors,  severely 
flexes  and  thus  stresses  the  rotor  during  every  revolution.  Over  a  20-  to  30-year  lifetime,  the  rotor  will  go 
through  perhaps  500  million  such  stress  cycles.^This  Is  a  level  of  stress  that  is  virtually  without  equal  in 
humanmade  systems,  and  poses  severe  requirements  on  rotor  materials  and  blade  design," 

Locations  with  favorable  wind  resources  in  the  lower  48  states  are  shown  m  figure  5-3.  The  plains  states 
have  a  particularly  large  available  wind  resource,  with  the  potential  to  generate  1.5  times  as  much  electric- 
iiy  as  is  currently  consumed  in  the  United  States.  Large  wind  resources  have  also  been  found  in  many 
other  countries.' 

Technology 

Wind  turbines  take  two  primary  forms  defined  by  the  orientation  of  their  rotors  the  familiar  propeller 
style  horizontal  axis  wind  turbine  (HAWT)  and  the  less  common  vertical  axis  wind  turbine  (VAWT).*The 
HAWT  accounts  for  over  93  percent  of  the  Installations  in  California. 

Turbine  blades  must  manage  the  very  high  levels  of  stress,  described  above,  while  efficiently  collecting 
energy;  they  must  do  so  with  long  lives  and  at  low  installed  cost.  To  meet  these  demanding  criteria,  de¬ 
signers  have  turned  to  innovative  designs®  and  materials  for  the  turbine  blades.  Researchers  at  the  Nation¬ 
al  Renewable  Energy  Laboratory,  for  example,  have  developed  a  new  family  of  blade  designs  that  produce 
an  overall  30-percen1  annual  energy  gain  compared  to  conventional  blades  and  are  relatively  unaffected  by 
roughness  due  to  dirt  and  bugs,  yet  automatically  limit  rotor  peak  power  at  high  winds  much  more  effec- 
twely  than  conventional  blades.' Composite  materials  such  as  fiberglass  and  wood/epoxy  now  account  for 
most  rotor  blades  currently  in  use  in  California,® and  researchers  are  looking  to  advanced  materials  for 
blade  construction.® 


2  Based  nn  a  4. 000- hour  Operation  per  year,  a  rotational  speed  of  35  or  70  rpm  For  example,  N  '(70rpm)'(60  minutes/ 
hour)  *(4,000  hours/year)*  (30  years)  =  500  million 

3  National  Research  Council  Assessment  of  Research  Needs  for  Wind  Turbine  Rotor  Ma/er/a/s  TecAino/ogy  (Washington,  DC 
National  Academy  Press,  1991) 

‘ Strategies  Unlimited.  “Study  of  thePotentia!  for  Wind  Turbines  in  Developing  Countries,  ”  March  1987  Thedentified  countries 
Include  Argentina,  Brazil,  Chile,  China,  Colombia.  Costa  Rica,  India,  Kenya,  Pakistan,  Peru.Sn  Lanka,  Tanzania,  Uruguay,  Venezuela, 
Zambia,  and  Zimbabwe;  Californra  Energy  Commission.  ‘  Renewal  fsic]  Energy  Resources  Market  Analysis  of  the  World,  "  CEC 
P5OO-8T0l5.n  d  ,  p  34 

^FloWindis  currently  working  on  an  advanced  VAWT  with  DOE  and  has  prototypes  under  test  at  Tehacnapr.CA 

6  Rotor  blades  tyoicailytakeavanetyottormsThey  maybe  rigidwithafixed  pitch  (fixed  onentation),  but  with  a  spectaliy  designed 
blade  shape  toiimii  how  much  energy  they  capture  fromthe  wind  They  may  have  a  variablepitch,  in  which  the  blade  is  rotated  along 
Its  long  axis  in  order  to  change  the  blade  orientation  with  respect  to  the  wind  and  thus  M  energy  capture  They  may  be  teetered,  in 
which  the  rotor  hub  is  allowed  to  rock  up  or  down  siightly  in  order  to  reduce  stress  on  the  ririvelrain  They  may  have  ailerons  built  m,  like 
flaps  on  an  airplane  v/ing,  to  control  them  More  advanced  forms  may  use  small  holes  m  the  surface  of  the  blade  through  which  a:r  can 
be  blown  to  control  the  aerodynamics  of  the  blade  Each  of  these  has  certain  advantages  and  disadvantages  m  terms  of  complexity, 
cost,  performance,  stresses,  excess  vibration,  and  other  factors  Alfred  J  Cavalio  et  al ,  "Wind  Energy  Technology  and  Economics,  ” 
m  Johansson  et  al(eds.),op  cit  ,  footnote  1,  and  National  Research  Council,  op  cit  footnote  3 

7j  Tangier  e\a\.  Measured  and  Predicted  Rotor  Performance  for  the  SB  Rl  Advanced  Wind  Turbine  Bfades^  (Golden,  CO  National 
Renewable  Energy  Laboratory,  n  d  ),  and  J  Tangier  et  al  STRf  Acfvanced  Wind  Turbine  Bfadeti  (Golden,  CO  National  Renewable 
Energy  Laboratory,  February  1 992) 

a  Gerald  W  Braun  and  Don  R  Smith,  “Commercial  Wtnd  Power  Recent  Experience  iniheUn-ied  States,  "Annua/ Review  of  Energy 

and  the  Environment,  VO/ 17. 1992,  pp  97-121 

9  National  Research  Council,  op  cit ,  footnote  3 
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BOX  5-9  (conl'd.):  Wind  Energy  Resources  and  Technologies 


A  particularly  Important  development  is  the  use  of  advanced  electronics  to  convert  variable  frequency 
powerO'Mnto  a  constant  voltage  and  frequency  for  the  electricity  grid.  Developed  and  marketed  for  large- 
scale  wind  turbines  in  the  United  States  by  Kenetech-U.  S.  Windpower — ^they  received  an  R&D  100  award  in 
1993  for  this  technology— -and  others,'' such  systems  reduce  the  cost  of  wind-generated  electricity  in  two 
ways  Variable-speed  systems  have  a  higher  conversion  efficiency  at  a  lower  wind  speed  and  maintain  it 
over  a  broader  wind  speed  range,  allowing  more  wind  energy  to  be  captured.  They  also  greatly  reduce  the 
stresses  on  the  rotor  and  d  rivet  rain— allowmg  them  to  be  downsized  and  cutting  their  capital  costs  and 
maintenance  requirements. 

The  capital  and  operations  and  maintenance  costs  for  large  grid-connected  wind  turbines  have  been 
dropping  steadily  throughout  the  1980s.  The  capital  cost  of  large  turbines  has  already  dropped  to  as  low 
as  o850/kW  '“The  bes.  wind  tL  ..ines  In  California  achie\3  a  97-percent  availability  Capacity  factor-  de¬ 
pend  on  the  wind  at  the  site,  but  some  are  as  high  as  40  percent."  Projected  electricity  costs  are  shown  in 
the  figure;  these  are  potentially  highly  competitive. 

Environmental  Impact  1 

Large  land  areas  are  required  for  siting  wind  farms,  but  the  turbines,  access  roads,  and  related  equip¬ 
ment  rarely  take  more  than  5  percent  of  the  actual  land  area.  The  remainder  can  continue  to  be  used  for 
farming,  ranching,  or  other  purposes  with  little  or  no  change  Land  values  have  substantially  Increased  in 
Altamont  pass  in  California  due  to  the  additional  income  generated  by  royalties  from  the  wind  turbines 

Noise  was  a  problem  with  some  early  windmill  designs.  For  the  current  generation  of  windmills,  the 
noise  problem  is  often  no  longer  significant,  in  Denmark,  for  example,  regulations  limit  windmill-generated 
noise  at  the  nearest  dwelling  to  less  than  that  found  inside  a  typical  house  during  the  day  A  single  300-kW 
wind  turbine  can  meet  this  standard  when  sited  just  200  meters  from  the  home,  30  such  machines  would 
need  to  be  sited  500  meters  away.  '* 

Bird  kills  due  to  hitting  the  rapidly  turning  rotor  blades  have  been  a  problem  in  some  areas,  Including 
Altamont  pass  where  raptors  have  been  killed  Some  studies  have  concluded  that  these  bird  kills  are  sub¬ 
stantially  less  than  those  from  high  voltage  transmission  lines,  radio  and  TV  towers,  highway  collisions  with 
cars,  or  other  such  hazards.’”  Nevertheless,  bird  kills  are  of  ongoing  concern  and  efforts  to  understand 
and  reduce  this  problem  are  jnder  way 

In  same  areas,  particularly  those  with  a  high  scenic  value,  the  visual  impact  of  wind  farms  may  also  be  < 
a  concern  I 


10  Current  turbine  designs  lixthe  rate  of  rotation  of  the  rotor  to  a  specific  speed  corresponding  to  the  60-cyc!e  freauency  of  the 
utility  grid 

nSunhsyslefns  have  been  used  m  Europe  for  several  years  and  have  been  used  on  Small  wmd  turbines  inthe  Ur-ledStaiRsand 

elsewhere  for  more  than  a  decade  Paul  G'pe'‘Wmdpower  s  Promising  Future,  ”  Incfependerd  Energy,  January  1993  pp  66-72 
'?Date  Osborne,  Kenetechinc  ,  personal  communicafton. Mar 22.1^3 

13  The  Whitewater  H:ll  site  outside  Palm  Springs  reportedly  has  a  capacity  factor  of  40  percent  Randy  Swisher,  American  Wind 

Energy  Association,  personal  communication.  May  23, 1994 
1 'I  AlCavatio.m  Johansson  et  al  (eds  ),  op  nt  footnote  f 

’.6  Michael  j  Grubb  and  Nieisi Meyer,  "Wind  Energy  Resources,  Systems,  and  Regional  Strategies, "  m  Johansson  et  al  (eds  ) 
op  cA  footnote  1 

’.6  ajm  vanWiiket  a  World  Energy  Council.  Study  Group  on  Wir-.d  Energy,  “Wind  Energy  Status,  Constfairnsand  Oppodun: 
ties  ’■  sixth  draft,  July  1992,  and  Paul  Gipe.  Paul  Gipe  and  Associates,  “Wind  Energy  Comes  of  Age  m  California  '  n  d 
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FIGURE  5-3:  Average  Annual  Wind  Resources 


SOURCE  D  L.  EllioH,  Pacific  Northwest  Laboratory.  "Wind  Energy  Resource  Allas  of  \\'e  United  States.  ‘  Nov.  8.  t994. 


with  the  utility  load  and  potential  complementary 
combinations  with  other  generation  resources.  Se¬ 
lecting  wind  sites  with  good  matches  to  the  utility 
load  and  gathering  wind  over  a  wide  geographic 
area  or  combining  it  with  other  intermittent  RETs 
(iRETs)  such  as  solar  may  substantially  smooth  its 
variability. 

The  wind  industry  was  strongly  driven  during 
the  early  to  mid-  1980s  by  the  Public  Utility  Regu¬ 
latory  Policies  Act,  federal  and  state  tax  credits, 
and  by  California  Standard  Offer  4  contracts.  Ini¬ 
tially,  with  extensive  tax  benefits  available,  proj¬ 


ects  were  often  financed  through  third-party 
limited  partnerships;  following  the  reduction  in 
tax  benefits,  support  has  been  provided  more  by 
institutional  investors  in  non-recourse  project  fi¬ 
nancing  (see  chapter  6). 

By  one  estimate,  more  than  40  wind  energy  de¬ 
velopers  installed  turbines  between  1982  and 
1984.^'The  number  of  developers  has  gradually 
decreased  over  time,  with  about  two  dozen  now 
active  at  some  level,  and  six— Cannon  Energy, 
FloWind,  Kenetech-U.S.  Windpower,  New  World 


62  Williams  6.  Note  ihat  some  estimates  of  the  number  of  manufacturers  and  developers  active  at  some  level 

vary  widely  and  are  generally  much  higher.  For  example,  some  estimate  that  more  than  .10  manufacturing  companies  and  200  development 
companies  were  involved  in  wind  development  in  the  early  1980\.  See  Hamrln  and  Rader,  op.  cit.,  footnote  7,  p.  B-27. 
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Power,  SeaWest,  and  Zond — accounting  for  about 
three-quarters  of  total  installed  wind  capacity  in 
the  United  States/^ 

The  number  of  manufacturers  has  also  de¬ 
creased  over  time,  with  just  one  large  U.S. 
manufacturer — Kenetech-U  .S.  Windpower — and 
several  smaller  manufacturers/project  develop¬ 
ers — including  Zond,  FloWind,  Cannon  Energy, 
and  Advanced  Wind  Turbines — now  producing  or 
developing  utility  scale  turbines.'^  Small  stand¬ 
alone  turbines  are  produced  by  firms  such  as 
Bergey  Windpower,  Northern  Power  Systems, 
and  World  Power  Technologies.*’" 

Of  all  the  wind  turbines  installed  in  the  United 
States  as  of  1990,  some  40  percent  were  im¬ 
ported.  The  decline  in  the  value  of  the  dollar, 

however,  is  making  it  more  difficult  for  European 
and  Japanese  firms  to  compete  in  the  U.S.  market. 

Several  large  firms  such  as  Boeing  and  General 
Electric  participated  in  the  early  development  of 
very  large  turbines  (up  to  4.5  MW)  sponsored  un¬ 
der  DOE,  but  then  left  the  industry  as  these  tur¬ 
bines  encountered  significant  technical  problems, 
federal  support  was  cut  back,  and  energy  prices 
dropped.  Some  large  firms,  such  as  Westinghouse, 
are  now  becoming  active  again  in  the  wind  indus¬ 
try,  and  considerable  interest  has  been  expressed 
by  the  aerospace  industry.  Kaiser  Aerospace,  for 
example,  recently  entered  an  agreement  to 
manufacture  turbines  for  Advanced  Wind  Tur¬ 
bines,  Inc. 

With  increasingly  competitive  electricity  mdr- 
kets  and  the  shift  toward  competitive  bidding 
(chapter  6),  wind  turbine  manufacturers  and  de¬ 
velopers  require  much  greater  capitalization  and 
marketing  depth/skill  to  survive.  Many  in  the  in¬ 
dustry,  such  as  Kenetech-U.S.  Windpower,  Zond, 


FloWind,  and  Cannon  Energy,  have  responded  by 
becoming  increasingly  vertically  integrated,  with 
the  same  firm  manufacturing  turbines,  and  devel¬ 
oping  and  operating  projects.  Others,  such  as 
SeaWest  and  New  World  Power,  have  more  exten¬ 
sively  tapped  outside  sources  of  capital. 

Research,  Development,  and 
Demonstration  Needs 

RD&D  needs  have  been  identified  and  discussed 
above,  including  ongoing  wind  resource  assess- 
me  It  and  improving  the  ability  to  forecast  winds: 
improved  materials  for  turbine  blades:  advanced 
airfoil  design:  improved  towers;  advanced  com¬ 
puter  models  of  wind  turbine  aerodynamics,  par¬ 
ticularly  of  wind  turbulence  and  unsteady  flows: 
and  smart  controls.  The  required  expertise  in  basic 
materials  and  aerodynamic  modeling  is  beyond 
the  scope  that  is  currently  feasible  by  the  wind  in¬ 
dustry. 

The  DOE  wind  R&D  program  is  focused  on 
joint  ventures  with  industry  to  improve  existing 
installations,  develop  advanced  wind  turbines, 
and  upgrade  the  technology  base  through  applid 
research.  Initiatives  include:  the  Advanced  Wind 
Turbine  (AWT)  Program,  a  collaboration  with 
utilities  to  evaluate  state-of-the-art  hai'dware  and 
facilitate  its  deployment;  the  Utility  Integration 
Program,  which  addresses  concerns  of  grid  in¬ 
tegration;  the  Collaborative  Wind  Technology 
Program,  which  provides  for  cost-shared  research 
with  industry  in  the  design,  development,  testing, 
and  analysis  of  operational  problems  of  current 
turbine  technology;  the  Value  Engineered  Turbine 
Program,  which  focuses  cost-shared  efforts  with 
industry  on  re-engineering  or  remanufacturing  of 
conventional  turbine  configurations:  and  the  Ap- 


63  Swisher,  Anicrican  Wind  Energy  Association,  persona]  communication,  Aug.  25.  19<)4. 

M  Others  include  Atlantic  Orient,  Wind  Eagle,  and  Wind  Harvest. 

firms, American  Wind  Energy  Association.  Membership  0/rcc/(>ry  (Washington,  fX"; 

1994). 

r^dward  T  C  Ing  Attorney  at  Law.  in  letter  fo  l>horah  Lamb,  Trade  Counsel.  Senate  ('ommiuee  on  Finance,  May  24,  1  99 1 .  Note  that  this 
percentage  has  not  significantly  shifted  since  1990. 
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TABLE  5-1:  Examples  of  Cost-Effective  Remote  Applications  of  RETs 


Agriculture 

Pumping  water  for  livestock  or  agriculture 

Electric  fences 

Instrumentation 

Rural  homes  or  communities 

Powering  Ilihts,  appliances,  and  communications  equipment 
Water  heating  system  circulation  pumps 

Communications 

Telephone  systems,  including  cellular  phones  and  emergency  call  boxes 
Remote  fiberoptic  Installations 
UHFA/HF  radio  and  TV  repeaters 

Infrastructure 

Parking  lot  and  street  lighting 

Highway  and  railroad  sign  and  signal  lighting 

Cathodic  protection  of  e.g.,  bridges,  pipelines 

Navigational  aids  e.g.,  beacons,  buoys,  lighthouses,  tower  warning  lights 
Environmental  monitors  e  g  ,  meteorological,  water  level,  and  environmental  quality 

Transmission  and  distribution  equipment  for  electric  and  gas  utilities 
Sectionalizing  switches 
End-of-feeder  support 
Dynamic  thermal  rating  sensors 
Pipeline  flow  meters  and  valve  actuators 
Medical  and  health  care  (remote  medical  clinics) 

Refrigerators  and  freezers  for  vaccines  and  other  medical  supplies 
Equipment  for  sterilizing  medical  Instruments 
Improved  lighting 

Backup  power  and  emergency  communications 


SOURCE  Off  Ice  of  Technology  Assessment,  1995 


plied  Research  Program,  to  develop  the  funda¬ 
mental  design  tools  for  advanced  wind  turbines. 

RENEWABLE  ENERGY  SYSTEMS 

Three  different  renewable  energy  systems  are  ex¬ 
amined  here.  These  are  systems  for  remote  ap¬ 
plications,  utility  applications  where  large-scale 
renewable  energy  plants  are  integrated  into  the 
grid,  and  distributed  utility  applications  of  small- 
scale  RETs. 

I  Remote  Systems 

Even  relatively  expensive  renewable  energy 
technologies  can  be  cost-effective  today  in  a  vari¬ 
ety  of  remote — at  a  distance  from  the  existing 
electricity  grid — applications  (table  5-1  ).  Their 
cost-effectiveness  in  particular  applications  is  de¬ 


termined  by  the  extent  to  which  they  reduce  the 
use  of  fossil  fuels  that  have  to  be  hauled  in  at  con¬ 
siderable  expense  or  avoid  the  installation  of  cost¬ 
ly  transmission  lines  to  provide  power  from  the 
electricity  grid. 

These  remote  applications  are  a  high-value  use 
that  is  beginning  to  provide  an  important  early 
market  for  RETs.  Remote  applications  provide 
manufacturers  a  means  to  develop  a  distribution 
and  maintenance  infrastructure,  important  in¬ 
formation  about  how  best  to  design  and  market 
products  for  a  particular  area  and  application,  and 
a  network  of  contacts  and  loyalties.  Similarly,  re¬ 
mote  applications  provide  users  the  opportunist  y  to 
test  these  technologies;  train  personnel;  gain  early 
technical,  managerial,  and  operational  experi¬ 
ence;  and  build  confidence  in  the  technology.  For 
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example,  remote  app  ications  have  been  the  pri¬ 
mary  market  for  developing  the  PV  industry  and 
have  provided  much  valuable  experience  for  both 
producers  and  users. 

Improved  understanding  of  the  structure  of  the 
market  for  remote  applications  is  very  important 
in  order  to  map  an  evolutionary  path  for  the  devel¬ 
opment  of  corresponding  renewable  technologies. 
For  example,  for  a  particular  RET  at  a  specific 
price:  how  large  is  the  market  and  what  are  the  key 
market  opportunities;  what  factors  determine  the 
purchase  of  a  particular  RET  (such  as  a  PV  light¬ 
ing  system);  and  what  productivity  gains  and  fi¬ 
nancial  returns  might  be  realized  by  using  a 
particular  RET  (such  as  for  agricultural  water 
pumping)?  Increased  analytical  effort  is  necessary 
for  these  factors  to  be  adequately  understood  and 
an  effective  national  strategy  for  remote  applica¬ 
tions — ^particularly  in  developing  countries — to 
be  developed.  Given  the  limited  resources  of  most 
renewable  energy  firms,  public-private  collabora¬ 
tion  may  offer  a  useful  means  of  proceeding. 

Remote  applications  require  complete  energy 
systems,  which  provide  electric  power  (and  ener¬ 
gy  services)  when  it  is  needed  and  in  the  form 
needed — at  the  specified  voltage,  current,  and 
quality'’  power  required  by  the  application.  In 

contrast,  many  of  the  individual  technologies  de¬ 
scribed  above,  particularly  the  solar  and  wind 
RETs,  provide  alternating  current  (ac)  or  direc^ 
current  (de)  at  some  voltage-depending  on  the 
particular  technology — when  the  resource  is 
available.  The  form  of  power  and  the  time  when  it 


is  avai  able  may  not  match  the  application  re¬ 
quirements. 

Renewable  energy  systems  typically  consist  of: 
1  )  a  RET  to  gather  the  energy  resource  and  gener¬ 
ate  electricity;  2)  a  power  conditioning  unit  to 
convert  the  electricity  to  the  desired  current  (dc  or 
ac),  voltage,  and  quality  needed  for  the  applica¬ 
tion:  3)  backup  equipment  (i.e.,  storage  such  as 
batteries  or  a  generator  such  as  a  diesel  engine^’*) 
to  provide  power  when  the  renewable  resource 
(such  as  wind  or  sun)  is  not  available;  and  4)  con¬ 
trol  equipment  to  do  all  of  this  safely  and  efficient- 

ly- 

The  design  and  cost  of  these  system  compo¬ 
nents  depend  on  the  specific  application.  A  PV 
water  pumping  system  may  need  little  or  no  back¬ 
up  while  a  PV  lighting  system  may  operate  com¬ 
pletely  off  battery  storage. 

Three  primary  considerations  determine  the 
relative  size  of  the  backup  (storage  or  other)  ca¬ 
pacity:  1)  the  timing  and  size  of  the  powerdemand 
(the  load  curve);  2)  the  availability-day-night, 
weather-related  (cloudy  or  windy  days),  or  sea- 
sonal-of  the  resource  (intermittence);  and  3)  the 
acceptable  risk  of  not  having  power  (the  reliabil¬ 
ity).  These  factors  ai'e  interrelated. 

Remote  loads  can  be  served  either  by  extending 
transmission  and  distribution  (T&D)  lines  from 
the  existing  electricity  grid  or  by  onsite  genera¬ 
tion. ''Grid  extension  is  a  large  fixed  investment 
that  is  relatively  insensitive  to  the  load  and  that  in¬ 
creases  with  distance  .70  In  contrast,  the  cost  of  re- 


67  H,h.^]jt,p^,^.^^l^ji5;anearlysinusoidaKingJC'frcqucncy(i.c.. 60  u?.)  waveform  (with  tew  harmonic  frequencie.s);  liule  variation  in 
average  voltage;  no  voltage  spikes  or  switching  transients  (sudden  changes  in  the  voltage  wavetorm  due  (o  the  switching  ot  certain  power  elec¬ 
tronic  devices  in  the  power  conditioning  unit);  or  other  deviations.  High-quality  power  is  important  to  prevent  damage  to  equipment;  to  prevent 
interference  with  communications,  computer,  or  other  equipment;  and  to  ensure  cfTtcient  operation. 

Renewable  systemscouplcd  with  conventional  engine  generators  are  usually  called  hybrid  systems. 

See.  e.g..  j  p.  Bigger  and  p.C.  Kern,  Jr.,  Earl  y.  Cost-  Effective  Photovoltaic  Appl  i  cations  for  Electric  Utilities,'^  paper  presented  at  SoUcch 
90,  Mar.  21, 1990.  Austin.  TX;  and  M.  Mason,  ‘Rural  Electrification:  A  Review  of  World  Bank  and  USAID  Financed  Projects,”  background 
paper  for  the  World  Bank,  April  1990,  p.  27. 

70  Most  of  the  cost  in  Putting  the  system  into  place  is  in  the  power  poles,  labor,  right-of-way,  and  so  lorth.  In  a  particular  case,  typically  less 
dian  roughly  10  percent  of  the  total  cost  is  determined  by  the  wire  or  the  transfonners-i.  e.,  tlie  load-carrying  capability. 
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site.  Consequently,  for  a  range  of  conditions  a  par¬ 
ticular  RET  will  have  lower  total  costs  to  generate 
electricity  y. 

In  many  cases,  hybrids  consisting  of  a  RET  and 
battery  storage  system  backed  up  with  an  engine 
generator  can  be  considered.  This  can  reduce  the 
need  to  oversize  the  RET  and  battery  storage  to 
handle  extended  periods  without  any  renewable 
energy  input,  improves  reliability,  and  reduces  the 
high  cost  and  unreliability  of  transporting  large 
quantities  of  fuel  to  the  site  for  a  generator  alone. 

These  alternatives-T&D  extension  or  on-site 
generation  by  engines  or  renewable  systems-can 
be  compared  in  several  ways,  as  shown  generical- 
ly  in  figure  5-4.  The  cost  and  performance  tradeoff 
between  these  alternatives  is  determined  by  the 

Load  (kWh/year) 


NOTC'  At  a  given  distance  from  the  utility  grid,  a  RE!!  such  as  PV  is  the 
lowest  cost  source  of  power  at  relatively  low  electncity  demands,  an  en¬ 
gine  may  be  the  lowest  cost  generator  at  intermediate  demands,  and 
grid  extension  will  be  the  lowest  cost  source  of  power  at  high  demands. 
As  PVs  drop  in  price,  they  are  cutting  into  the  market  for  engine  genera¬ 
tors  (the  horizontal  line  for  PVs  shifts  down),  prompting  some  manufac¬ 
turers  of  engine  generators  to  develop  RETs  such  as  dish  Stirling  in  or¬ 
der  lo  protect  their  market  in  the  future.  The  calculation  illustrated  here 
assumes  a  1  -km  line  extension  at  a  cost  of  $1 5.0CX)  with  4- percent  annu¬ 
al  marntenance.  a  30-year  iifelime.  a  tO-percenl  cost  of  capital,  and 
7c/KWh  for  electricity.  The  engine  is  assumed  to  cost  $700, 1<W.  2<5/kWh 
for  operations  and  rnainlenance  (O&M),  15?i  lo  23<2/kWh  for  fuel  (de¬ 
pending  on  ttie  size),  and  has  a  66-percenl  capacily  factor,  a  to-year 
iifelime.  and  a  tC-perceni  cost  of  capital.  The  PV  system  is  assumed  to 
have  an  installed  cost  of  S10.000/kW.  costs  of  S^/kWh.  and  a  ca- 
pacihy  factor  of  20  percent.  Actual  values  in  the  field  can  vary  consider¬ 
ably  from  those  assumed  here. 

SOURCE;  Office  of  Technology  Assessment,  1995. 

mote  generation  is  little  affected  by  distance  from 
the  grid  and  scales  directly  with  the  load.  For  a 
particular  load,  at  some  distanced-  ailed  the 
break-even  distance — the  cost  of  grid  extension 
exceeds  that  of  remote  generation. 

Onsite  generation  is  most  commonly  done 
today  by  a  small  diesel  or  gasoline  engine  coupled 
to  a  generator.  This  technology  has  a  relatively 
low  initial  cost,  is  widely  available,  can  be 
installed  anywhere,  and  uses  a  familiar  technolo¬ 
gy.  It  is  dependent  on  fossil  fuel,  however,  which 
may  be  difficult  and  expensive  to  transport  to  the 


load,  the  distance  to  the  site,  and  a  host  of  other 
factors.  Estimation  of  the  cost  and  performance  of 
specific  remote  power  projects  must  include  site- 


FIGURE  5-4B:  Cost-Effectiveness  of  T&D 
Extension  and  PVs,  by  Length  of  Grid  Extension 


:ost  ($/kWh) 


Distance  of  T&D  extension  (km) 


NOTE.  At  an  intermediate  ieve!  of  powe?  demand  (20  MVVh/year).  corre¬ 
sponding  to  a  village  power  system,  exteriding  the  T&D  gr id  wtil  be  most 
cost -elective  over  short  distances  (up  to  about  5  km),  while  PV-gener- 
ated  electricity  will  be  most  cost -effective  at  longer  distances  from  the 
grid.  The  crossover  poirtt  shown  here  is  quite  sensitive  to  the  power  de¬ 
mand.  Lower  power  demands,  tor  example,  make  the  PV  system  cost- 
effective  at  distances  closer  to  the  grid  Parameters  are  the  same  as  in 
figure  A. 

SOURCE:  Office  of  Technology  Assessment,  1995 


FIGURE  54A:  Cost-Efiectiveness  of  T&D 
Extension,  Engine  Generators,  and  PVs, 
by  Eiectricity  Load 
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specific  factors  and  current  RET  costs  using  one 
of  the  many  computer  packages  or  design  hand¬ 
books  available."*  System  reliability  depends  on 
the  local  renewable  energy  resources,  the  RET, 
and  its  backup,  compared  to  the  likelihood  of 
T&D  lines  being  downed,  or  to  the  reliability  of 
both  the  engine  generator  and  the  fuel  transporta¬ 
tion  infrastructure. 

Industry 

The  PV  industry  relies  almost  exclusively  on  re¬ 
mote  applications  for  its  sales  (chapter  7),  Seg¬ 
ments  of  the  windpower  industry,  such  as  Bergey 
Windpower,  Northern  Power  Systems,  and  World 
Power  Technologies,  also  concentrate  on  remote 
markets  and  have  numerous  turbines  in  the  field. 
Similarly,  some  solar  thermal  firms  see  remote  ap¬ 
plications  as  an  important  market  opportunity  and 
are  specifically  developing  RETs  for  this  market. 
An  example  is  the  7-kW  dish  Stirling  system  being 
developed  by  Cummins  Power. 

I  Utility  Systems 

RETs  have  unique  characteristics  that  present 
both  problems  and  opportunities  when  integrated 
into  an  electricity  grid.  These  include  intermitten- 
ce,  power  quality,  site  specificity,  and  modularity. 

Intr  mittence 

Use  of  intermittent  renevv.  le  resources — such  as 
solar  and  wind  energy-offsets  fuel  use  by  con¬ 
ventional  generating  technologies.  In  addition, 
iRETs  can  reduce  the  need  for  conventional  gener- 


FIGURE  5-4C:  Cost-Effectiveness  of  T&D 
Extension  Versus  PV  Systems  as  a  Function  of 
Power  Load  and  Distance  from  the  Utility  Grid 


NOTE  At  high  levels  of  power  demand  and  ‘or  relativelyshorl  distances 
from  the  utility  grid,  T&D  grid  extension  can  be  the  lowest  cost  option 
conversely  at  low  levels  of  power  demand  and/or  longer  distances  from 
the  utility  grid  a  stand-alone  RET  such  as  a  PV  system  can  be  the  lowest 
cost  option  The  upper  line  assumes  a  high  cost  of  grid  extension 
($1  5,000/km)  and  a  low  Installed  cost  foraPVsystem($6000/kW),  the 
lower  line  assumes  a  low  cost  for  grid  extension  ($7, 500/km)  and  a  high 
Installed  cost  for  a  PV  system  Parameters  are  the  same  as  in  figure  A 

SOURCE  Off  Ice  of  Technology  Assessment  1995 

ating  capacity.  The  factors  that  determine  how 
much  reduction  is  possible  include:"' 

I  The  match  between  the  renewable  resource  and 
the  local  utility  peak  loads.  Good  matches, 
such  as  PV  or  solai*  thermal  matching  summer 
air  conditioning  demands,"^ have  higher  capac¬ 
ity  value. 


71  g  Photovoltaic  Design  Assistance  Center,  Stand-Alone  Phounohaic  S\mms:  A  Handbook  of  Recommended  Design  Praciicca. 

S A NDS7 -702.^  (Albuquerque,  NM:  Sandia  National  Laboratories,  November  1991  ).  The  National  Renewable  Energy  Laboratory,  Golden. 
CO,  i\  also  developing  such  tools. 

See,  e.g.,  Yih-huei  Wan  and  Brian  K.  Parsons,  Fnaoni  Relevant  to  (jUlity  Integration  of  Inrermitteni  Renesvable  Technologies,  NRKL' 
TP.46V49S3  (Golden,  CO:  National  Renewable  Energy  Laboratory,  August  1993);  Michael  J.  Grubb  and  Niels  I.  Meyer,  “Wind  Energy:  Re¬ 
sources.  vS\  stems,  and  Regional  Strategies,  ”  in  Johansson  et  al.  (eds.),  op.  cit.,  tootnote  .3;  Henry  Ken  y  and  Carl  J.  Weinberg,  "Utility  Strategies 
for  tNing  Renewable,”  in  Jnh.ansson  et  al.  (eds.i,  op.  cit.,  footnote  .3:  Adrianos  Johannes  Maria  Van  Wijk.  Ijlrcchf  University,  Wind  Energy 
and  Electricity  Production,”  1990;  and  M.J.  Grubb,  “The  Integration  of  Renewable  Electricity  Sources,”  Energy  Policy.  September  1991  ,pp. 
670-688. 

-As  structures  and  their  surroundings  tend  to  warmup  over  a  period  of  time,  peak  air  conditioning  loads  occur  in  the  afternoon,  generally 
after  the  peak  solar  resource,  and  also  depend  on  the  humidity. 
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Zond.  Inc  wind  farm  ai  Tehachaot.  California,  using  wind 
turbines  manufactured  by  Vestas  of  Denmark. 


The  level  of  iRET  penetration  into  the  grid. 
High  levels  of  penetration  may  tend  to  saturate 
their  potential  capacity  value. 

■  Geographic  diversity.  Gathering  renewable  en¬ 
ergy  over  a  large  area  can  moderate  local  fluc¬ 
tuations  and  increase  capacity  value. 

■  The  match  between  different  renewable  energy 
resources.  Wind  and  solar,  for  example,  may 
complement  each  other  in  some  areas  and  pro¬ 
vide  capacity  value  that  individually  they  could 
not. 

The  extent  to  which  an  iRET  can  offset  conven¬ 
tional  capacity  helps  determine  its  economic  at¬ 
tractiveness.  Some  utility  planning  models  and 
policies,  however,  may  not  fully  credit  the  iRET 
with  potential  capacity  savings.  Although  further 
study  of  the  capacity  value  of  iRETs  is  needed, 
there  are  many  cases  today  where  a  reasonably  ac¬ 
curate  value  can  be  determined. 

The  variability  of  intermittent  renewable  may, 
in  some  cases,  complicate  utility  operations  by  re¬ 
quiring  greater  cycling  up  and  down  of  conven¬ 
tional  generation  equipment  (load  following)  in 


order  to  meet  demand.  (See  box  5-3  for  a  discus¬ 
sion  of  utility  operations.)  This  may  require  op¬ 
eration  of  conventional  equipment  at  lower  (and 
less  efficient)  loads  in  some  cases  and  may  in¬ 
crease  wear  and  tear.  The  same  factors  as  above — 
the  match  with  the  load,  penetration  level, 
geographic  diversity,  use  of  complementary  re¬ 
sources,  and  others-can  all  influence  the  amount 
of  cycling  necessary.  Experience  with  wind  farms 
in  California  has  shown  that  the  electric  utility 
system  can  operate  normally  when  8  percent  of  the 
system  demand  is  met  by  wind.^"  Further,  some 
modeling  suggests  that  intermittent  could  pro¬ 
vide  much  higher  fractions  of  utility  capacity 
without  causing  difficulties.^^  Improved  under¬ 
standing  of  these  factors  will  be  very  important. 

The  intermittence  of  wind  and  solar  can  be 
moderated  or  circumvented  by  using  natural  gas 
or  other  fuels  or  stored  resources  (such  as  hydro- 
power,  compressed  air,  and  batteries)  to  provide 
backup  power.  Solar  thermal  parabolic  trough 
plants  in  California,  for  example,  use  natural  gas 
backup  to  provide  dispatchable  peaking  power.’'* 
Other  combinations  include  natural  gas  hybrids 
with  biomass  or  geothermal,  biomass  cofired  with 
coal,  and  wind  coupled  to  compressed-air  energy 
storage  or  pumped  hydro.  The  feasibility  and  cost- 
effectiveness  of  these  or  other  hybrids  depends  on 
the  particular  case. 

At  high  levels  of  penetration,  the  intermittence 
of  some  RETs  may  complicate  utility  planning 
and  operations,  but  it  is  a  challenge  that  utilities 
are  familiar  with  in  form  if  not  in  degree.  Utilities 
now  deal  with  a  variety  of  plants  using  different 
resources — such  as  coal,  oil,  gas,  nuclear,  hydro, 
and  municipal  solid  waste — ^with  varying  availa¬ 
bilities — for  example,  from  baseloaded  nuclear  to 
gas  peaking.  Utilities  have  well-developed  proce¬ 
dures  for  ensuring  system  reliability  and  efficien¬ 
cy  with  the  current  wide  mix  of  resources  and 
generation  technologies. 


74  Wan  und  Parsons,  op.  cit.,  footnote  72. 

‘^^'Kcliyiind  Weinberg,  op.  cit.,  footnote  72. 

76  amount  of  natural  gas  that  can  be  used  is  limited  by  Public  Utility  Regulatory  Policies  Act  regulations. 
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Power  Quality 

Concerns  have  been  raised  that  renewable  energy 
equipment  could  disrupt  the  quality  of  power  pro¬ 
vided  by  the  electricity  grid.  These  problems  have 
largely  been  overcome.  For  example,  some  older 
RETs,  particularly  wind  turbines,  used  induction 
generators,  resulting  in  large  reactive  power”  that 
can  create  problems  on  the  electricity  grid  if  not 
adequately  corrected.™The  current  generation  of 
variable-speed  wind  turbines  avoids  this  problem 
and  can  actually  reduce  the  amount  of  reactive 
power  on  the  grid. 

Some  RETs,  particularly  PVS  and  advanced 
variable-speed  wind  turbines,  use  electronic  pow¬ 
er  conditioners  to  convert  dc  or  variable  frequency 
ac  to  60  Ez  ac  power.  Early  generations  of  equip¬ 
ment  to  do  this  could  cause  unwanted  harmonics, 
switching  transients,  or  other  power  quality 
problems  that  could  reduce  efficiency,  shorten 
lifetimes  of  equipment,  or  interfere  with  com.- 
munications  and  computer  equipment.  Extensive 
experience  at  a  number  of  sites  in  the  United 
States  and  other  countries  has  shown  that  well- 
designed  equipment  can  avoid  these  problems.” 

With  a  large  penetration  of  RETs  into  the  grid, 
particularly  small  distributed  units,  power  flow 
could  be  reversed  in  some  segments  from  the 
direction  originally  intended.  This  can  potentially 
cause  problems  with  equipment  protection  de¬ 
vices;  these  may  need  to  be  mo  .,ified  or  replaced 
over  time. 

In  some  cases,  RETs  distributed  throughout  a 
electricity  grid  can  continue  to  generate  power 
even  when  the  primary  power  from  the  central  sta¬ 


tion  is  lost  (such  as  when  a  power  line  is  down).”’ 
This  poses  potential  safety  problems  to  utility 
workers  trying  to  repair  downed  power  lines  that 
they  do  not  expect  to  be  energized  (or  raises  costs 
if  they  have  to  work  on  live  lines),  and  it  poses  po¬ 
tential  equipment  problems  when  the  downed 
lines  are  reconnected. 

Site  Specificity 

Renewable  have  mixed  impacts  on  electricity 
transmission  and  distribution  requirements  due  to 
their  highly  diverse  nature.  Renew  ble  inr  na¬ 
tions  such  as  geothermal,  biomass,  solar  thermal, 
and  wind  are  often  tens  of  megawatts  to  100  MW 
or  more  in  size  and  are  often  located  at  a  distance 
from  populated  areas.  To  transport  the  power  they 
generate  to  load  centers  may  require  a  long  trans¬ 
mission  line  extension  just  to  reach  an  existing 
transmission  line  as  well  as  upgrading  the  trans¬ 
mission  system.  Developing  T&D  systems  for 
RETs  can  significantly  raise  overall  costs.  In  con¬ 
trast,  although  coal  or  nuclear  plants  may  be  lo¬ 
cated  at  a  distance  from  their  load  center,  they  can 
often  be  located  to  minimize  additional  T&D 
costs. 

Further,  for  iRETs  such  as  wind  or  solar  ther¬ 
mal,  the  T&D  system  will  operate  at  a  relatively 
low-capacity  factor-carrying  little  power  for  ex- 
te  ided  periods  when  ther'  is  little  wind  or  sun¬ 
shine.  but  sized  for  the  full  rated  power  generate.’ 
when  winds  or  sunshine  are  strong.  These  low-ca¬ 
pacity  factors  raise  the  relative  T&D  costs  for 
these  systems.  In  some  cases,  backup  with  other 


Rc.if.t)vc  power,  in  1>>  th®  creation  and  collapse  of  magnetic  fields  in  the  induction  generator  as  It  generates  60-cycle 

power. 

’^^C'orrccnonisrcaciily^^^n*-'-^^^  c.xampic.  by  using  large  hunks  of  capaci  tors. 'l*hcrci>;  a  cost  associated  with  this,  however, 

John  I-  Photo\  ollai  cs,«  Phofovaltnn'.'i:  ‘S'nv  Oppornmitic  v  forUiUines.UOE CH  10[)93-  1  i  3  (Washington,  DC: 

U.S.  Department  of  Energy.  July  1991). 

HO  In  [he  longer  icnn,  this  mav  boil  desirable  characteristic  as  it  could  improse  the  reliability  of  pros  iding  power  to  customers  in  that  area, 
even  with  the  main  power  cut  off. 
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generation  systems  or  with  energy  storage  sys- 
(ems^'may  be  cost-effective  in  raising  these  low 
T&D  capacity  factors. 

In  contrast,  small-scale  renewable  such  as 
small  wind,  PVs,  and  dish  Stirling  can  be  widely 
dispersed  within  the  utility  service  area  and  may 
then  be  able  to  reduce  peak  loading  on  the  T&D 
system,  increasing  reliability  and  reducing  T&D 
investment  and  other  costs  (see  below). 

Reliability 

Renewable  may  have  mixed  impacts  on  system 
reliability.  The  often  smaller  size  of  renewable 
generating  units,  such  as  biomass,  geothermal, 
and  wind,  compared  with  conventional  coal,  nu¬ 
clear,  or  other  units,  could  increase  reliability  be¬ 
cause  loss  of  a  small  unit  poses  less  of  a  threat  to 
the  system.  Similarly,  very  small  units  distributed 
throughout  the  utility  service  area  (see  below)  can 
potentially  increase  reliability.  On  the  other  hand, 
iRETs  may,  in  some  cases,  increase  cycling  of 
conventional  equipment  and  thus  raise  the  hkeli- 
hood  of  reliability  problems,  at  least  until  these  re¬ 
sources  and  their  integration  into  the  electricity 
grid  are  better  understood  and  until  automatic  dis¬ 
patch  incorporating  intermittent  renewable  is 
well  developed. 

The  relatively  small,  modular  size  and  rapid 
installation  times  for  many  RETs  also  means  that 
capacity  can  be  added  as  needed  rather  than  in 
large  lumps  as  with  conventional  powerplants. 
This  can  reduce  the  risk  of  building  a  large  power- 
plant,  beginning  many  years  in  advance,  that  may 
or  may  not  be  needed  when  the  plant  is  completed. 
Advanced  gas  turbines  and  fuel  cells,  however, 
also  provide  the  advantage  of  modular,  relatively 


small  units  and  are  substantially  eroding  this  ad¬ 
vantage  of  renewable, 

IDistributed  utility  Systems 

In  the  conventional  utility,  power  is  generated  at 
central  locations  and  is  transmitted  to  users 
through  long-distance  transmission  lines,  substa¬ 
tions,  and  distribution  lines.  In  recent  years,  utilit  y 
systems  have  increasingly  included  smaller  scale 
( 10s  of  MWs)  generation  by  nonutility  generators. 

The  distributed  utility  (DU)  concept^' would 
take  this  trend  substantially  further,  spreading 
very  small  generators  (kWs  to  MWS)  throughout 
the  utility  T&D  system.  In  the  DU,  the  central  util¬ 
ity  is  still  likely  to  provide  a  large  share  of  the 
power  as  well  as  ensure  overall  system  integrity. 
The  distributed  generation  equipment  will  pro¬ 
vide  important  supplemental  and  peaking  power. 
Potential  generators  include  PVS,  dish  Stirling, 
wind  systems,  and  other  RETs  at  sites-depend- 
ing  on  the  technology — such  as  rooftops,  local 
substations,  and  transmission  rights-of-way.  En¬ 
gine  generators  or  fuel  cells,  perhaps  fueled  with 
natural  gas,  may  be  strong  competitors  for  these 
DU  applications. 

The  DU  concept  is  based  on  several  simple,  but 
important  issues: 

■T&D  is  a  growing  share  of  the  total  cost  of  util¬ 
ity  systems  due  to  increasing  costs  such  as  for 
rights-of-way  and  construction,  and  declining 
construction  of  baseload  plants. 

I  T&D  systems  are  often  substantial]  y  underuti¬ 
lized  most  of  the  time,  operating  only  briefly  at 
high  loads’^' (see  figure  5-5).  Sizing  T&D  sys¬ 
tems  to  handle  these  brief  periods  of  high  de¬ 
mand  is  expensive.  Locating  small  generators 


SI  A  j  Cava  lloetal..  Center  fo.Energy  and  Environmental  Studies,  Princeton  University,  “Baseload  Wind  power  from  the  Great  Plains  fOr 
Major  Electricity  Demand  Centers,”  March  1994. 

R3  The  distributed  utility  cojicepi  has  been  examined  extensively  in  Electric  Power  Research  Institute,  National  Renewable  Energy  Labora¬ 
tory,  and  Pacific  Gas  and  Electric,  “Distributed  Utility  Valuation  Project,”  August  1993;  P.R.  Barnes  et  al,  The  Iti{ef(ration  of  Renewable  Energy 
Sources  in/o  Electric  Power  DistrihuEon  Systems, 2  \oh.,ORNL-6775  (Oak  Ridge,  TN:  Oak  Ridge  National  Laboratory,  June  1994);  and  Elec¬ 
tric  Power  Research  Institute,  Advancements  in  Integrating  DMS  and  Distributed  Generation  and  Storage  into  T&D  Planning:  Proceedings 
from  the  Third  Annual  Workshop,  EPRJ  TR- 104255  (Palo  Alto,  CA:  September  1994). 

1.,  part,  this  may  be  due  to  zonin^regulations  as  they  tend  to  concentrate  similar  loads — ^residential,  commercial,  industrial-in  the  same 


areas. 


Chapter  5  Electricity:  Technology  Development  187 


close  to  demand  may  reduce  peak  loads  on  the 
T&D  system,  improving  capacity  utilization. 
This  is  particularly  important  where  peak  loads 
are  approaching  T&D  capacity  limits.  In  this 
case,  investment  in  local  generation  might 
cost-effectively  allow  a  delay  in  upgrading  the 
T&D  system. 

■  Most  (perhaps  95  percent)  customer  service 
problems-outages  and  power  quality— occur 
not  at  the  generating  plant  but  in  the  distribu¬ 
tion  system.  Distributed  generation  may  reduce 
these  problems  with  substantial  economic 
benefit.^ 

•  Environmental  and  other  regulatory  constraints, 
such  as  siting,  are  increasingly  significant  for 
conventional  powerplants  in  some  areas.  These 
constraints  may  be  less  for  many  small,  envi¬ 
ronmentally  benign  RETs. 

For  these  and  other  reasons,  interest  is  growing 
in  the  distributed  utility  as  a  potentially  useful  tool 
for  improving  overall  utility  cost  and  perfor¬ 
mance.  Following  analysis  of  the  potential  of  dis¬ 
tributed  generation, Pacific  Gas  and  Electric 
(PG&E)  installed  a  500-kW  PV  plant  near  Fresno, 
California,  as  part  of  the  PV  for  Utility  Scale  Ap¬ 
plications  (PVUSA)  project.  The  plant  was  in¬ 
tended  to  generate  energy,  contribute  capacity 
value,  delay  investment  in  substation  equipment, 
and  improve  system  reliabib^y.  Initial  field  data 
have  confirmed  a  value  of  ai  least  $2,900/kW  of 
installed  PV  capacity/'Other  utilitie'-  have  calcu¬ 
lated  values  for  DU  equipment  ranging  from  less 
than  $2,000/kW  to  more  than  $  10,000/kW  at  vari- 


FIGURE  5-5:  Capacity  Utilization  of  a 
Typical  Local  T&D  System 


Percentage  o1  year 


NOTE  A  typical  local  T&D  system  carries  a  high  load  for  only  very  short 
periods  of  the  year  For  example,  the  figure  here  shows  that  the  local 
T&D  system  may  carry  a  load  60  percent  or  more  of  Its  maximum  capac¬ 
ity  for  just  10  percent  of  the  year  corresponding  to  rare  peak  demands 
such  as  due  to  air  conditionmg  loads  during  summer  heat  waves  In 
contrast,  the  overall  generation  system  carries  a  much  higher  load 
throughout  the  year  The  low  capacity  factor  of  the  local  T&D  system 
opens  the  opportunity  of  using  distributed  generation  to  meet  the  rare 
peak  loads  and  thus  reduce  the  investment  necessary  in  the  T&D  sys¬ 
tem 

SOURCE  Joseph  J  lanucci  and  Daniel  S  Shugar,  “Structural  Evoltion 
of  Utlity  Systems  and  Its  Implications  for  Photovoltaic  Applications, "  pa¬ 
per  presented  at  the  22nd  IEEE  Photovoltaic  Specialists  Conference, 
Las  Vegas,  NV,  1991 

In  comparison,  a  typical  coal-fired 

central  station  powerplant  has  a  capital  cost  of 
roughly  $  l,500/kW.88  Thus,  the  value  of  distrib- 


R-tNarainO.Hingoraniand  Karl  E,  Stahlkopf,  “High  Power  Electronics,”  Scientific  Americwi,  November  1993,  pp.  78-85;  and  A.P.Sangh- 
vi,  Electric  Power  Research  Institute,  “Cost-Benefit  Analysis  of  Power  System  Reliability:  Determination  of  Interruption  Costs,”  Report 
EL-6791,3  vols.. April  1990. 

K.S  D.S.  Shugar,  “Photovoliaics  in  the  Utility  Distribution  System:  The  Evaluation  of  System  and  Distributed  Benefits.”  paper  presented  at 
the  21. SI  IEEE  PV  Specialists  Conference,  Kissimmee,  FL,  May  1990. 

Preliminary  data  show  a  plant  peak  power  availability  of  52  percent,  annual  and  peak  load  reductions  in  power  output  lo.sses  of  5  Percent 
and  8  percent,  a  four-year  extension  of  tran^ifotmer  life,  and  a  12-year  extension  of  transfomier  load  tap  changer  life.  Other  potential  benefits 
now  being  evaluated  have  a  predicted  value  of  an  additional  $3.000/kW.  See  Paul  Maycock,  "Kerman  Grid  Support  Plant  Provides  Twice  the 
Value  of  Central  PV,”  PViV^rwr.voi  13,  No.  6,  June  1994. 

X7  “gconomic  Evacuation  of  pV-G,,d  Suppon  is  Changing,”  Sohr  Industry  Journal,  3rd  quarter,  > 

Note  that  this  cost  is  not  exactly  Comparable  as  it  does  not  include  fuel  costs  and  certain  other  factors. 
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A  grid-connected  PV  powerplant  in  California. 


uted  generation  equipment  can  be  much  higher 
than  that  of  central  station  powerplants.  This 
creates  a  potential  high-value  market  niche  for 
technologies  such  as  PVS  that  can  be  used  in  dis¬ 
tributed  generation  applications. 

PG&E  and  others  have  done  subsequent  analy¬ 
ses  to  identify  promising  areas  for  installing  PVS 
for  DU  grid  support,  and  the  potential  appears  to 
be  quite  large  example,  the  Utility  Photo 

voltaic  Group  estimated  the  market  for  distributed 
PV  capacity  at  more  than  8,000  MW  at  an  in¬ 
stalled  price  of  $3,000/kW.* 

Many  questions  remain,  however,  about  how  to 
plan,  build,  interconnect,  and  operate  such  a  sys¬ 
tem  while  maintaining  reliability  and  perfor¬ 
mance.  Similarly,  little  is  known  about  the  range 
of  conditions  for  which  the  DU  might  be  econom¬ 
ic,  or  how  to  find  and  evaluate  such  opportunities. 
Screening,  planning,  and  evaluation  tools  need  to 
be  developed,  particularly  with  sufficiently  fine 
detail  to  capture  the  technical  and  financial  bene¬ 
fits  and  costs  of  DU  technologies  on  the  local  level 
while  still  providing  a  sufficiently  broad  scale  to 


evaluate  systemwide  effects.  Much  technical 
development  is  also  needed,  such  as  hardware, 
software,  and  communications  equipment  for  au¬ 
tomating  the  DU.  Field  demonstrations  are  need¬ 
ed  to  validate  these  analyses  and  technologies. 

It  may  also  be  possible  to  use  intelligent  con¬ 
trols  to  integrate  PV  or  other  RET  power  genera¬ 
tion  with  the  use  of  household  appliances  such  as 
air  conditioners  and  with  the  local  electric  utility. 
Some  household  appliances  might  be  controlled 
by  how  much  renewable  energy  was  being  sup¬ 
plied.  If  a  passing  cloud  cut  off  PV  output,  certain 
appliances  could  also  be  shut  down  temporarily. 
Such  devices  could  be  easily  integrated  at  low  cost 
into  adjustable-speed  electronic  drives  now  enter¬ 
ing  the  household  appliance  market.”  The  devel¬ 
opment  of  standard  protocols  among  appliance 
and  other  manufacturers  is  needed  for  such  control 
systems  to  be  developed  and  widely  implemented. 
Such  intelligent  controls  would  also  provide  valu¬ 
able  demand-side  management  (DSM)  capabili¬ 
ties  to  the  local  utility. 

Recent  work  on  the  DU  concept  has  been  moti¬ 
vated,  in  part,  out  of  interest  in  the  potential  of 
RETs.  Space  at  urban  substations  is  at  a  premium, 
however.  RETs  such  as  PVS  maybe  less  practical 
at  some  of  those  sites  than  compact  energy  storage 
and  generation  systems — particularly  if  these  sys¬ 
tems  are  only  operated  for  short  periods  during  the 
year  to  reduce  T&D  system  peak  loading.  Rooftop 
PV  systems  scattered  throughout  the  area  maybe 
desirable  for  high-penetration  levels  of  DU  systems. 

OVERCOMING  BARRIERS 

The  use  of  RETs  for  the  generation  of  electricity  is 
growing,  but  further  action  is  needed  to  bring 


Power  distribution  areas  were  examined,  first  lo  determine  where  there  was  a  good  match  between  the  local  load  and  the  local  solar  re¬ 
source  and,  second,  to  determine  which  of  those  areas  are  at  or  near  their  T&D  capacity  limits.  These  screens  selected  areas  in  PG&E’s  service 
territory  with  some  120  MW  of  load.  Daniel  S.  Shugar  et  al.,  "Photovoltaic  Grid  Support:  A  New  Screening  Methodology,"  Solar  Today,  Sep- 
tcmbcr/Octobcr  1993,  pp.  2 1  -24. 

90  “fX)E  and  Utilities,’*  NREL:  PV  Working  with  industry,  fall  1 994.  P- 1  - 

^hSamuelR Baldwin.  “Energy  -Efficient  Electric  Motor  Drive  Systems,  “in  Thomas  B.  Johansson  et  al.  (eds. ),  Electriciry: Evident  End-Use 
and  Generation  Technologies,  and  Their  Planning  irnplkaiionsiLmd,  Sweden:  Lund  University  Press,  1989). 
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RETs  into  widespread  use  and  must  be  tailored  for 
particular  classes  of  RETs/' This  section  dis¬ 
cusses  ways  to  make  RETs  more  cost-effective 
and  to  encourage  their  use. 

I  Research,  Development,  and 
Demonstration  Needs 

Opportunities  for  RD&D  in  individual  technolo¬ 
gies  as  well  as  in  remote,  utility,  or  distributed 
utility  systems  are  briefly  sketched  above.  Over¬ 
all,  no  insurmountable  technical  barriers  have  yet 
appeared  that  might  prevent  RETs  from  maturing 
into  broadly  competitive  energy  resources,  but 
much  RD&D  remains  to  be  done. 

Federal  RD&D  funding  for  RETs  has  increased 
over  the  past  several  years,  after  a  decade  of  declin¬ 
ing  and/or  low  budgets.  Most  of  this  support  is  fo¬ 
cused  on  developing  the  technologies  themselves 
and,  in  a  few  cases,  improving  associated  manufac¬ 
turing  technologies.  Additional  support  for  high- 
priority  RD&D  of  these  technologies,  balance  of 
systems  equipment,  and  manufacturing  technolo¬ 
gies  could  allow  more  rapid  development. 

Few  utilities  have  been  actively  involved  in  the 
RD&D  or  commercialization  of  RETs."' The  total 
RET  R&D  budget  for  the  Electric  Power  Research 
Institute  was  just  $9  million  in  1993 — 2.8  percent 
of  its  budget."^  EPRI  did,  however,  prc  ide  im¬ 
portant  continuity  in  funding  for  RETs  during  the 
1980s  when  the  federal  government  cut  back. 
More  recently,  pressure  to  generate  near-term  re¬ 
sults  has  forced  EPRI  to  reduce  its  longer  term 
RD&D  portfoho  in  areas  such  as  PV. 


Demonstration  programs  have  often  been  one- 
of-a-kind  and  generally  limited  to  very  low-cost 
systems.  Necessarily  larger  scale  systems,  such  as 
integrated  biomass  gasification  advanced  gas  tur¬ 
bine  systems,  solar  thermal  central  receivers,  and 
others  have  had  a  difficult  time  obtaining  private 
or  public  support  due  to  their  size  and  cost.  For  ex¬ 
ample,  development  of  advanced  bioelectric  sys¬ 
tems  might  typically  progress  from  the  R&D 
phase  to  a  $1  0-million  pilot  demonstration  unit,  to 
a  $50-million  engineering  development  unit,  to  a 
$200-million  pioneer  plant,  followed  b}^  comme  - 
cialization.  The  level  of  pub  c  support  could  be 
reduced  at  each  stage,  but  would  still  be  substan¬ 
tial  even  for  the  pioneer  plant.  However,  such 
demonstrations  are  essential  to  eventual  commer¬ 
cialization. 

Private  cofunding  of  such  demonstrations  is  a 
key  element  to  their  eventual  success.  Utilities, 
however,  may  be  discouraged  by  state  regulators 
from  trying  new  technologies  as  this  could  risk 
ratepayer  funds.  In  response,  some  have  proposed 
that  a  “safe  harbor”  be  provided  utilities  that 
choose  to  experiment  with  and  invest  in  RETs  so 
that  they  can  be  assured  of  recovering  their  costs 
as  long  as  they  have  acted  responsibly.  Currently, 
utilities  face  numerous  risks — technical,  finan¬ 
cial,  regulatory — in  developing  RETs.  Even  with 
the  most  careful  management  of  a  new  technc  jgy 
program,  the  utility  may  face  cost  disallowances. 
Such  risks  may  seriously  constrain  a  utility’s  abil¬ 
ity  and  willingness  to  try  new  technologies.  Safe 
harbor  rules  would  provide  a  mechanism  to  allow 
such  experimentation  .95 


^2  Technologies  ihatare  relaiivrly  immature  primarily  require  RD&D.  Premature  commercialization  might  fail  to  reduce  costs  sufficiently 
to  attract  a  large  market,  and  strand  the  technology  at  high  costs  with  insufficient  revenue  to  adequately  support  further  development. 

Detailed  reviews  of  difficulties  in  considering  renewables  within  the  utility  framework  are  provided  by  National  Association  of  Regulato- 
r-y  Utility  Commissioners,  Committee  on  Energy  Conservation,  Subcommittee  on  Renewable  Energy.  "Rc.newable  Energy  and  Utility  Regula¬ 
tion,”  April  10,  199  1;  and  Hamrinand  Rader,  op.  cit.,  footnote  7. 

Electric  Power  Research  Institute,  ‘‘Research,  Development  &  Delivery  plan  1993-  1997,”  January  1 99  j. 

95  David  Energy:  Baniers  and  Oppfjrtuniiic.s;  Walls  and  Bridges,”  paper  prepared  fOr  tlie  World  Resources  Insti 

tute,  July  1992. 
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Increasingly  competitive  electricity  markets, 
particularly  the  possibility  of  retail  wheeling,’*^ 
may  make  such  alternatives  as  safe  harbors  more 
difficult  to  develop  (see  chapter  6).  For  example, 
some  argue  that  ratepayer-funded  RD&D  may  be 
anticompetitive  because  it  may  strengthen  utili¬ 
ties  vis-a-vis  independent  power  producers  that 
have  no  such  access  to  ratepayer  funds” Indepen¬ 
dent  power  producers,  however,  are  investing 
very  little  in  RD&D.  Electricity  sector  restructur¬ 
ing  also  appears  to  be  significantly  reducing 
RD&D.  The  CaUfornia  Energy  Commission,  for 
example,  estimates  that  RD&D  in  advanced-gen¬ 
eration  technologies  by  California  Investor 
Owned  Utilities  will  decline  88  percent  in  1995, 
compared  with  1993;  overall  RD&D  will  decline 
by  32  percent  compared  with  1992,’** Alternative 
RD&D  funding  mechanisms  may  therefore  be 
needed  to  ensure  the  long-term  technological 
vitality  of  the  electricity  sector. 

Regardless  of  how  they  are  supported,  demon¬ 
strations  of  these  technologies  are  very  important. 
Relative  to  conventional  technologies,  data  on  cost 


and. performance,  experience,  and  siting  of  RETs  is 
not  adequate.  For  example,  there  are  no  commer¬ 
cial-size,  advanced  biomass  gasification  pkmts  on 
which  utility  executives  can  “kick  the  tires.  ”  They 
are  not  necessarily  biased  against  these  technolo¬ 
gies,  they  simply  have  no  experience. 

R&D  is  also  needed  on  full-fuel-cycle  energy 
efficiencies  and  environmental  impacts  for  vari¬ 
ous  conventional  and  renewable  technologies  (see 
chapter  6).  Some  of  this  has  been  done”  and  could 
be  usefully  extended. 

I  Manufacturing  Scaleup 

A  key  challenge  to  large-scale  RET  production 
and  use  is  needing  a  large  market  to  scaleup  pro¬ 
duction  and  thus  lower  costs,  but  needing  low 
costs  to  develop  a  lai^ge  market.  Manufacturing 
scaleup  and  the  resulting  economies  of  scale  and 
learning  have  been  widely  observed  to  reduce  the 
cost  of  new  technologies.  ] 

Several  recent  analyses  of  PV  production  for 
various  periods  between  1965  and  1992,  for  ex- 


96  Retail  wheeling  is  the  theoretical  process  of  allowing  Individuals  the  opportunity  to  purchase  their  electricity  frOm  particular  utilities  or 
independent  power  producers,  thus  allowing  them  to  shop  around  for  the  lowest  price  or  for  other  features  that  they  value.  This  is  often  crudely 
characterized  as  similar  to  the  individual  customer’s  ability  to  shop  around  for  a  long-distance  telecommunications  company.  In  fact,  retail 
wheehng  of  electricity  is  not  well  defined  and  cannot  be  described  by  so  simple  an  analogy.  For  a  discussion  of  these  issues,  see,  e.g.,  The 
iricify  Journal,  April  1994,  entire  issue;  Richard!.  Rudden  and  Robert  Hcmich, “Electric  Utilities  in  the  Future,  ”  Fortnif>hth, May  1,  1994,  pp. 
21  -25;  and  Public  Utilities  Commission  of  the  State  of  Cal  ifomia,  Order  fnxtituimii  Rulentakinfi  and  Order  IrwauUfK^InvestiMonon  (San  Fran¬ 
cisco,  CA:  Apr.  20,  1994). 

97  See.  e.g..  Public  Utilities  Commission  of  the  State  of  California,  Division  of  Ratepayer  Advocates,  “Report  on  Research,  Development, 
and  Demonstration  for  Southern  California  Edison  Company  General  Rate  Case,”  Application  No,  93-12-025,  March  I994,pp.  3-3  to  3-4. 

9K  California  Energy  commission.  Restructurirxji  and  the  Future  of  Electricity  HD<SiO,  Docket  No.  94-EDR  l  ^Sacramento.  ^A:  Jan,  31, 

1 995). 

‘^See  Chupka  and  David  Renewable  Electric  Generation:  An  Asses^iment  of  Air  Pollution  Prevention  Potentuii 

EPA/400/R-92’  005  (Washington,  DC:  U.S.  Environmental  Protection  Agency,  March  1992). 

See.  e.g„  Erast  R.Bemdi.The  Pruciice  of  Econometrics:  classic  and  Contemporary  (Reading,  MA:  Addison-Wesley  publishing  Co.. 
199  I);  and  Linda  Argote  and  Dennis  Epple, "Learning  Curves  in  Manufacturing,”  Science,  voi  247,  Feb.  23,  1990,  pp.  920-924.  Indeed,  failure 
to  realize  expected  economies  of  scale  and  learning  in  new  coal  and  nuclear  plants  during  the  past  several  decades  has  been  a  significant  source 
of  difficulty  for  the  electric  utility  industry.  PL,  Joskow  and  N.L.  Rose,  “The  Effects  of  Technological  Change,  Experience,  and  Environmental 
Regulation  on  the  Construction  Cost  of  Coal-Burning  Generating  Units,”  Rand  Journal  of  Economic,  i,  vol  i6,  No.  J,  spring  1985,  pp.  1  -27; 
George  S.  Day  and  David  B.  Montgomery,  ‘T)iagnosing  the  Experience  Curve,”  Journal  of  Marketing,  vol.  47,  spring  1983,  pp.  44-58;  and 
Martin  B.  Zimmerman,  “Learning  Effects  and  the  Commercialization  of  New  Energy  Technologies:  The  Case  of  Nuclear  Power,”  The  Bell 
Journal  of  Economics,  vol.  13,  No.  2,  autumn  1982,  pp.  297-310. 
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ample,  found  that  every  cumulative  doubling  of 
production  reduced  real  costs  to  roughly  80  per¬ 
cent  of  the  previous  value.  This  effect  could 
have  a  significant  impact  on  PV  markets.  For  ex¬ 
ample,  if  projected  business-as-usual  PV  market 
growth  rates  of  about  15  percent  were  realized,  the 
global  PV  market  would  be  about  1  GW/year  in 
2010,  [f  the  80  percent  progress  ratio  continued 
over  this  period,  the  cost  of  PV-generated  electric¬ 
ity  would  then  be  about  lO0kWh.  In  contrast,  if 
the  market  were  to  grow  at  an  accelerated  rate  of 
35  percent  per  vear,  the  global  m^irket  in  2010 
would  be  18  G\,  and,  with  the  same  80  percent 
progress  ratio,  the  cost  of  PV  electricity  y  would  be 
6.50/kWh.  By  one  estimate,  the  additional  cost  of 
such  an  accelerated  development  strategy  would 
be  about  $5,4  billion  (1992  dollars)  for  additional 
RD&D  and  market  support. '“‘Other  estimates 
range  from  $5  bilhon  to  $9  billion  (see  above). 
Such  a  strategy  might  have  significant  environ¬ 
mental,  international  competitiveness  (see  chap¬ 
ter  7),  and  other  benefits. 

Simply  producing  more  PVs,  however,  will  not 
necessarily  lower 'costs  at  an  80  percent  progress 
ratio.  RDc&D  in  technologies,  systems,  and 
manufacturing  to  achieve  such  cost  reductions 
would  be  fundamental  to  any  accelerated  develop¬ 
ment  strategy. 

The  PV  Manufacturing  Tech/iology  Project,  a 
joint  venture  between  DOE  and  industry,  is  in¬ 
tended  to  reduce  PV  manufacturing  costs.  DOE 
support  for  PV  manufacturing  improvements  is 
$19  million  in  fiscal  year  1995, 

I  Resource  Assessment 

Renewable  resources  have  several  defining  char¬ 
acteristics,  including  site  specificity,  intermitten- 
ce,  and  intensity.  These  factors,  their  implications, 


and  strategies  for  dealing  with  them  are  discussed 
above  and  in  chapter. 

Although  resource  data  are  being  developed, 
additional  efforts  could  provide  valuable  informa¬ 
tion  for  potential  users.  Of  particular  interest  is 
more  detailed  information  on  site-specific  re¬ 
sources,  geographic  variation  for  individual  re¬ 
sources.  and  regional  correlations  between 
resources.  Further  development  and  dissemina¬ 
tion  of  analytical  tools  that  can  make  effective  use 
of  this  data  may  also  be  of  great  interest  to  those 
considering  using  RETs,  particularly  for  detv.r- 
mining  the  capacity  value  of  iRET  resources,  and 
the  impacts  of  iRETs  on  utility  system  operations 
and  on  T&D  requirements.  Analytical  tools  for 
forecasting  renewable  resources  are  also  needed. 

I  Commercialization 

Several  strategies  for  helping  develop  markets  in 
parallel  with  manufacturing  scaleup  were  listed  in 
chapter  1,  including  developing  market  niches, 
aggregating  purchases  across  many  potential  cus¬ 
tomers,  and  more  aggressively  pursuing  interna¬ 
tional  markets  (chapter  7).  One  perspective  of  the 
market  opportunities  for  PVs  is  shown  in  tigure 
5-6,  developing  gradually  from  remote  systems, 
to  grid  support,  peaking,  and  finally  bulk  power. 
Mai'ket  development  paths  for  other  RETs  could 
differ. 

Remote  mai'kets  are  of  particulai’  neai*-  and 
mid-term  importance  for  several  RETs,  including 
small  wind  systems,  PVs,  and  small  solar  thermal 
powerplants.  Developing  these  markets  offers  the 
opportunist  y  for  substantial  scale  up  in  manufactur¬ 
ing  volume  and  thus  will  significantly  influence 
the  evolution  of  these  technologies.  Additional  re¬ 
search  is  needed  to  better  understand  the  remote 
power  market,  including  specific  applications, 


!<»  •  The  values  n  t  this  progresi;  ratio  were  HO.  S  1 ,  and  H 1 .6  percent,  depending  on  the  period  examined.  See  Richards,  op.  cit.,  fcK>tnoie  50; 
Cody  andTicdjc,  op.  cit.,  footnote  49:  and  Williams  and  Tcr/.ian.op.  cil..  footnote  49. 
ui2  Williams  and  Tcf/ian.  op.  cit..  footnote  49. 

site  spccincil)  requires  extensive  long  -lorm  rcsoim  e  evaluation  and  the  dcvclopiueiu  of  appropriate  analylical  tools  such 
as  geographic  infomiation  systems,  Intemiittence}  can  be  addressed  by  collecting  the  energy  over  a  larger  geographic  area,  combining  the  re¬ 
source  M- irh other  compk'mentmyn.'sOurvcs, Of  t'orniing hybrids  with  other  generation  technologies  (e.g.,  fossil,  hydro,  biomass)  andor  storage. 
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FIGURE  5-6;  Market  Evolution  Model  for  PVs 


T167 


NOrE:  One  model  lor  ihe  markei  evci‘Jt‘OP  of  the  PV  industry  is  a  gradual  movemeni  Irom  h>gh-vaiue  stand -a'one  proj¬ 
ects  to  somewhat  lower  value  grid  support,  and  v>i!age-si?e  systems,  to  medium-value  peak  power  applications,  and 
ultimately  to  txsik  power  The  potential  production  volume  grows  rapidly  as  these  new  markets  open  up. 

SOunCE  •  Joseph  J.  lanucc  and  Daniel  S.  Shugar.  "Structural  Evotution  of  Utility  Systems  and  Its  Implications  for  Photo- 
voltaic  Applications. “  paper  presented  at  Ihe  22nd  lEEE  Photovoltaic  Specialists  Conference.  Las  Vegas.  NV.  1991. 


their  number  and  value,  and  how  to  best  develop 
them. 

Grid  support  (distributed  utility)  also  offers  a 
substantial  near-  to  mid-term  opportunity,  but  re¬ 
mains  poorly  understood.  Better  analytical  tools 
are  needed  that  can  screen  for  such  opportunities, 
and  more  detailed  analysis  is  needed  to  determine 
the  full  value  of  these  applications.  RETs  such  as 
PVs  are  likely  to  face  significant  competition  for 
these  grid  support  markets  from  fuel  cells,  diesel 
engines,  and  other  fossil-fueled  technologies. 

Peaking  and  bulk  power  represent  huge  mar¬ 
kets,  but  are  also  more  competitive.  Fossil  power 
technologies  are  advancing  and  will  remain  strong 
competitors  (box  5-1  ).  To  be  competitive,  RETs 
may  need  to  be  appropriately  credited  for  their  ac¬ 
tual  capacity  value,  environmental  benefits,  abil¬ 
ity  to  lower  fuel  cost  risks,  and  other  advantages, 
as  well  as  charged  for  their  disadvantages 


compared  with  fossil  fuels.  Electricity  sector 
planning  models  currently  in  use  may  not  be  easi¬ 
ly  adaptable  to  these  or  other  aspects  of  RETs, 
such  as  their  often  small  capacity  increments  or 
T&D  requirements.  Case-by-case  inclusion  of 
these  considerations  for  RETs  in  the  planning 
process  may  carry  high  overhead;  better  analytical 
tools  are  needed  to  allow  consideration  of  these 
factors  with  minimal  cost  and  effort. 

Many  of  DOE’s  market  conditioning  initiatives 
are  implemented  through  joint  venture  project  ac¬ 
tivities.  Joint  ventures,  as  well  as  project  activities 
with  decision  makers  and  organizations  represent¬ 
ing  PV  target  market  sectors,  are  the  major  focus 
for  translating  RD&D  activities  into  market  im¬ 
pact.  Through  its  joint  venture  activities,  DOE  has 
demonstrated  willingness  to  share  risk  with  those 
that  invest  in  current  technology  at  present-day 
prices  while  committing  to  high-volume,  lower 
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cost  product  purchase  in  the  future.  Developing 
relationships  with  stakeholders  in  this  way  is  an¬ 
ticipated  to  lead  to  significant  cost  reductions 
while  strengthening  the  market  base  for  suppliers. 

In  1992,  the  Electric  Power  Research  Institute, 
the  American  Public  Power  Association,  the  Edi¬ 
son  Electric  Institute,  the  National  Rural  Electric 
Cooperative  Association,  and  approximately  40 
utilities  formed  the  Utility  Photovoltaic  Group 
(UPVG)  to  promote  early  commercialization  of 
photovoltaics.  In  September  1992,  DOE  agreed  to 
provide  up  to  $800,000  for  the  first  1 8  months  of 
UPVG’s  activities.  UPVG  and  DOE  have  started 
TEAM-UP  (Technology  Experience  To  Acceler¬ 
ate  Markets  in  Utility  Photovoltaics),  a  $500-mil- 
lion  (two-thirds  privately  financed)  joint  venture 
to  purchase  50  MW  of  PV  over  six  years. 

The  PVUSA  project  is  a  field  test  of  large  PV 
installations  intended  to  demonstrate  the  viability 
of  PV  systems  in  a  utility  setting.  PV-BONUS  is  a 
DOE  program  that  was  recently  funded  as  a  pub¬ 
lic-private  effort  to  develop  cost-effective  PV 
products,  applications,  and  product-supply  and 
product-user  relationships  in  the  buildings  sector. 
This  sector  is  expected  to  be  another  stepping- 
stone  to  the  bulk  power  market  and  holds  promise 
of  becoming  a  substantial  market  in  its  own  right. 
Phase  1  is  a  concept  development  stage,  requiring 
a  minimum  30-percent  cost  share  by  the  private 
participant,  and  up  to  $1  million  is  expected  to  be 
provided  for  preliminary  market  assessment  and 
product  development  tasks  and  evaluation  in  this 
phase.  Phase  II  will  include  product  development 
and  testing,  and  Phase  III  will  be  field  demonstra¬ 
tion  and  performance  verification.  Overall  pro¬ 
gram  funding  will  require  50-percent  cost-sharing 
by  private  participants.  Total  DOE  support  for 
market  conditioning  activities  is  $35  milUon  in 
fiscal  year  1995. 

Many  people,  including  policy  makers  at  the 
state  and  federal  level,  are  unaware  of  how  rapidly 
the  performance  and  cost-effectiveness  of  many 
RETs  are  improving,  the  magnitude  of  the  locally 


Solar  thermal'natural  gas  hybrid  eleclricity'generaiir'fg  system 
in  the  Mojave  deseft.  California. 


available  renewable  resources,  or  the  practical  as¬ 
pects  of  system  design,  integration,  and  finance. 
For  rapidly  advancing  technologies  such  as  wind 
or  PV,  data  two  or  three  years  out  of  date  may  be  of 
little  value.  The  lack  of  information  has  been  a 
particularly  serious  problem  at  the  state  regulatory 
level  where  the  embryonic  renewable  energy  in¬ 
dustry  has  not  had  the  resources  to  present  its  case. 
Most  public  utility  commission  staffs  tend  to  be 
small  and  have  often  not  been  able  to  collect  and 
keep  current  the  necessary  information.  Equal¬ 
ly  important  is  providing  a  credible  independent 
source  of  information  to  balance  the  excessive 
claims  of  some  renewable  energy  advocates.  The 
decline  in  federal  support  for  renewable  energy 
during  the  1980s  reduced  the  dissemination  of 
relevant  information  in  an  appropriate  format. 

Initiatives  to  support  RET  commercialization 
must  take  into  account  change  occurring  in  the 
electricity  sector  (see  chapter  6).  Restructuring 
and  greater  competition  may  entail  unbundling  of 
services,  thereby  opening  a  variety  of  market 
niches  such  as  grid  support.  On  the  other  hand, 
separation  of  generation  from  transmission  and 


I National  Asjiociauon  of  Regulaiory  l-'tUiiy  Commissioners,  Committee  on  Energy  Conservation,  Subcommittee  on  Renewable  Energy, 
Renewable  Energy  and  Utifiiy  Regulatiofi  (Wasliington,  DC:  Apr.  1 0, 1991  ). 
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distribution  may  impede  identification  and  use  of 
such  distributed  applications.  The  net  effects  of 
these  opposing  forces  are  unclear, 

POLICY  OPTIONS 

Support  for  the  technical  development  of  RETS  in 
the  electricity  sector  has  been  provided  for  some 
two  decades  and  has  contributed  significantly  to 
the  dramatic  improvements  in  the  cost  and  perfor¬ 
mance  of  many  RETs  over  this  period. 

Federal  RD&D  in  RETs  has  increased  in  recent 
years  (see  table  1-4  and  figure  2  in  appendix  1-A) 
after  declining  in  the  1980s.  The  focus  of  present 
RD&D  efforts  is  primarily  mid-  to  longer  term 
RD&D,  with  some  support  for  public-private, 
cost-shared  commercialization  activities.  This 
wiU  allow  more  rapid  technical  development  of 
RETs  than  would  occur  without  federal  support, 
but  RET  contribution  to  U.S.  electricity  supplies 
(now  about  11  percent,  mostly  from  hydropower) 
is  likely  to  remain  a  relatively  small  proportion  of 
the  total  over  the  next  15  years.  During  this  period, 
however,  this  support  will  help  provide  the  techni¬ 
cal  foundation  for  more  rapid  expansion  of  RETs 
after  2010.  Total  nonhydro  RET  electricity  gen¬ 
eration  is  projected  by  the  Energy  Information 
Administration  (EIA)  to  increase  from  about  46 
billion  kWh  in  1993  to  112  biUion  kWh  in 
2010.  '”^Such  estimates  are  highly  uncertain, 
however,  and  could  be  far  too  optimistic  or  pessi¬ 
mistic  depending  on  the  public  policies  chosen  in 
the  next  few  years.  For  example,  a  focused  public- 
private  effort  to  develop  bioenergy  crops  in  order 
to  offset  farm  supports  could  encourage  the  devel¬ 
opment  of  perhaps  two  to  three  times  as  much  gen¬ 
eration  capacity  as  is  currently  projected  by  EIA 
for  2010. 

Reductions  in  RD&D  supports  for  RETs  could 
save  some  federal  outlays  in  the  near  term,  but  are 
likely  to  significantly  reduce  the  rate  of  develop¬ 
ment  of  these  technologies.  As  noted  above,  the 
RET  industry  is  too  small  to  support  this  level  of 


RD&D  itself,  and  many  potential  outside  partners 
are  reducing  their  RD&D  investments,  particular¬ 
ly  for  longer  term,  higher  risk  technologies  such  as 
many  renewable.  Slowing  these  programs  signif¬ 
icantly  risks  both  losing  important  international 
markets  to  foreign  competitors  and  the  sale  of  in¬ 
novative  U.S,  RET  firms  and  technologies  to 
these  foreign  concerns.  If  RD&D  supports  must 
be  reduced,  it  will  be  important  to  protect  core 
RD&D  activities  including  public -private  part¬ 
nerships  to  demonstrate  technologies. 

Strategies  that  would  allow  additional  cost-ef¬ 
fective  applications  of  RETs  to  be  captured  sooner 
are  outlined  below.  Adoption  of  such  strategies 
could  help  strengthen  U.S.  manufacturers  in  in¬ 
ternational  markets  (chapter  7),  allow  a  more  rap¬ 
id  transition  to  nonfossil  forms  of  energy  should 
global  warming  or  other  factors  make  this  neces¬ 
sary,  and  diversify  energy  supplies  and  reduce  ex¬ 
posure  to  the  risk  of  any  future  fuel  cost  increases 
(chapter  6).  However,  these  strategies  would  re¬ 
quire  greater  federal  outlays,  depending  on  the 
particular  policies  pursued.  Many  of  these  activi¬ 
ties  are  relatively  low  cost  and  have  potentially 
high  leverage.  These  include  resource  assessment, 
much  R&D,  the  development  of  design  tools  and 
information  programs,  and  standards.  Demonstra¬ 
tion  programs  are  generally  higher  cost,  but 
should  be  leveraged — as  should  many  other  acti¬ 
vities — with  public -private  partnerships.  The  ac¬ 
tivities  discussed  below,  for  which  DOE  would 
have  prime  responsibility  at  the  federal  level,  are 
likely  to  be  particularly  effective:  whatever  strate¬ 
gy  or  budget  level  is  selected,  ensuring  the  maxi¬ 
mum  contribution  from  RETs  in  the  future  will 
depend  on  choosing  policies  with  the  greatest  lev¬ 
erage. 

I  Resource  Assessment 

•  Renewable  resource  assessment  and  the  devel¬ 
opment  of  appropriate  analytical  tools  is  essen¬ 
tial  for  potential  users  to  identify  attractive 


i0S[j  <5  Department  of  Hnergy,  Energy  Information  Administration,  Annuo/  Energy  Outlook,  /  W.  DOB'E1.A-O.‘i83(95)  (Washington, 
January  1995). 
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opportunities.  The  FY  1995  appropriation  for 
solar  resource  activities  is  $3,95  million — up 
from  the  FY  1994  level  of  $2.2  million.  This  in¬ 
crease  in  funding  will  allow  an  expansion  of  the 
resource  monitoring  network,  the  development 
of  a  more  comprehensive  database,  and  support 
data  integration  and  geographic  analysis, 

•  Additional  monitoring  sites  could  improve  un¬ 
derstanding  of  how  large  the  resources  are,  how 
they  vary  at  specific  sites  and  between  different 
sites,  and  to  what  extent  different  resources — 
such  as  sun  and  wind  -may  b  complementa- 
j.y  “"^In  turn,  this  data  and  appropriate 

analytical  tools  might  be  used  to  determine 
iRET  capacity  values,  improve  utility  planning 
and  operations  with  iRETs,  and  provide  other 
benefits. 

I  Research,  Development,  and 
Demonstration  Programs 

■  R&D.  Overall  program  budgets  for  RD&D  are 
listed  by  RET  in  table  1-4.  These  supports  have 
increased  from  the  low  in  1990  of$119  million 
to  a  FY  1995  level  of  about  $331  million.  ’07 
(Half  of  this  increase  occurred  in  1991  and 
1992  following  the  Bush  Administration’s  de¬ 
velopment  of  the  National  Energy  Strategy.  ) 
When  this  funding  is  spread  across  the  full 
range  of  RETs,  however,  these  programs  con¬ 
tinue  to  be  substantially  constrained.  Support 
for  high-leverage  R&D  opportunities  could  be 
directed  to  particular  RET  technologies,  bal¬ 
ance  of  system  components,  hybrid  systems, 
system  integration,  and  RET  manufacturing 
technologies,  as  discussed  above. 

•  Demonstraticns.  Demonstrations  of  larger 
scale  systems,  particularly  bioenergy,  geother¬ 
mal,  and  solar  thermal  central  receiver  systems, 
have  not  been  possible  even  though  they  would 
have  been  smaller  than  many  fossil  fuel  sys¬ 
tems  that  have  been  funded  in  recent  years. 


A  paraboHc  dish  stirfing  engine  system  under  test.  A  variety  of 
dtsh  Stirling  designs  have  been  developed  and  tested  and  a 
joint  DOB'Cummins  Power  Gerieration  venture  is  m  the  final 
stages  of  developing  a  7.h  kV^  system  for  commerciatization. 

Such  demonstratiuns  have  been  and  must  con¬ 
tinue  to  be  driven  by  private  sector  interest  in 
commercializing  these  technologies,  but  feder¬ 
al  involvement  maybe  necessary  to  get  projects 
under  way. 

■  Safe  harbors.  While  the  federal  government 
does  not  have  direct  authority  to  create  safe  har¬ 
bors  for  utility  or  independent  power  producer 
RD&D,  it  could  encourage  states  to  provide 
them,  provide  useful  information,  or  perhaps 
provide  seed  money  or  tax  considerations  for 
doing  so.  Consideration  might  also  be  given  to 
other  mechanisms  to  encourage  private  sector 


is.t.  what  extent  one  resource  tnc leases*  when  the  other  decreases,  thus  compensating  in  part  for  each  others’  natural  variability. 
1 07  Tins  overall  funding  level  also  includes  Some  support  for  solar  building  and  other  activities.  Note  that  a  luimher  of  activities  listed  in  the 
DOE  Solar  and  Renewable  Energy  budget  are  not  specifically  related  to  renewable  energy  and  are  not  included  in  these  budget  numbers  here. 
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RD&D  in  electricity  sector  technologies,  such 
as  sectorwide  kWh  or  emissions  taxes  to  sup¬ 
port  RD&D  and  focused  tax  credits. 

I  Design,  Planning,  and 
Information  Programs 

I  Design  and  planning  tools.  Support,  leveraged 
with  private  sector  funds,  might  be  provided  for 
the  development  of  electricity  sector  design 
and  planning  tools  that  adequately  incorporate 
consideration  of  renewable  resource  availabili¬ 
ties,  RET  capacity  factors,  T&D  requirements, 
distributed  utility  benefits,  environmental  ben¬ 
efits,  fuel  cost  risk  reductions,  and  other  fac¬ 
tors.  '“"This  includes  geographic  information 
systems  that  enable  long-term  planning  of  en¬ 
ergy  infrastructure — such  as  T&D  systems  or 
gas  pipelines — to  consider  potential  future  sit¬ 
ing  of  RETs  so  as  to  minimize  costs  of  future 
infrastructure  access.  These  tools  would  be  of 
considerable  value  to  utilities,  non  utility  gener¬ 
ators,  public  utility  commissions,  federal  poli¬ 
cymakers,  and  others. 

•Information.  Support  could  be  provided  for  in¬ 
formation  programs  to  develop  data,  particular¬ 
ly  from  field  studies,  and  to  put  it  into  an 
appropriate  format  for  use  by  policy  makers  and 
others  at  both  the  state  and  federal  level.  As 
noted  above,  this  can  encourage  use  of  rapidly 
advancing  RETs  as  well  as  check  the  excessive 
claims  of  some  RET  advocates. 

I  Standards  Programs 

.Support  might  be  provided  for  the  development 
of  technical  standards  for  some  equipment. 
This  might  include  helping  to  support  the  es¬ 
tablishment  of  control  and  communications 
protocols  for  use  in  home  and  office  appliances 


and  equipment  that  will  allow  smart  controls  to 
adjust  appliance  power  demand  as  needed  by 
utility  demand-side  management  or  distributed 
utility  programs. 

I  Finance  and  Commercialization 
Programs 

Market  aggregation.  Public-private  partner¬ 
ships  can  increase  market  volume  so  that 
manufacturers  can  scale  up  production  proc¬ 
esses.  Several  initial  efforts  of  this  type  have 
been  launched,  such  as  the  Utility  Photovoltaic 
Group,  More  importantly,  a  longer  term 
technology  development,  manufacturing  sca- 
leup,  and  market  development  strategy  is  need¬ 
ed,  perhaps  along  the  lines  of  what  has  become 
known  as  "Sustained  Orderly  Develop¬ 
ment.”"'^  This  would  help  provide  manufac¬ 
turers  the  assurance  that  there  would  be 
markets  for  them  to  compete  for  in  the  future, 
and  would  help  them  attract  capital  and  scaleup 
manufacturing  facilities  in  order  to  capture 
economies  of  scale  and  learning.  If  such  a  pro¬ 
gram  is  begun  in  the  near  term,  additional  RETs 
will  be  ready  for  large-scale  commercialization 
as  the  large  number  of  aging  U.S.  powerplants 
retire  over  the  next  decade  or  more. 

\  Market  analysis  and  development.  Overseas 
markets  for  RETs  are  potentially  large,  but  are 
not  yet  well  understood  or  developed.  Support 
to  analyze  these  markets  and  to  develop  them 
through  trade  missions,  trade  shows,  resource 
assessments,  technology  demonstrations,  and 
technical  assistance  could  enhance  exports  and 
U.S.  production. 

•Power  marketing  authorities.  The  federal  gov¬ 
ernment  could  direct  the  Power  Marketing  Ad- 


Relatively  I  itile  has  beendonja  this  area.  DOE  recently  supported,  however,  the  development  of  such  tools  for  pol  icy dcvcl  analysts. 
See,  e.g.,  U.S.  Department  of  Energy  reports:  Panel  on  Evaluation  of  Renewable  Energy  Models,  Office  of  Utility  Technologies,  “Evacuation  of 
Tools  for  Renewable  Energy  PoUcy  Analysis:  The  Ten  Federal  Region  Model,”  and  “Evaluation  of  Tools  for  Renewable  Energy  PoUcy  Analy¬ 
sis:  The  Renewable  Energy  Penetration  Model,”  April  1994. 

1 Sec,  e.g.,  Donald  W,  Aitken,  “Sustained  Orderly  Development,”  May/June  1992,  pp.  20-22. 
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ministrations  to  develop  all  cost-effective  ““ 
RETs  where  practicable. 

»  Federal  procurement.  The  federal  government 
could  more  vigorously  pursue  its  mandate  to 
use  cost-effective  RETs  where  practicable..*'' 

CROSSCUTTING  ISSUES 

The  importance  of  electricity  throughout  the  U.S. 
economy  opens  numerous  opportunities  for  cross- 
sectoral  benefits  from  the  use  of  RETs.  For  exam¬ 
ple,  RET  electricity  could  provide  an  early  and 
important  high-value  rket  for  bioenergy  pro¬ 
duced  by  the  agriculture  and  forestry  sector,  be  in¬ 
tegrated  with  building  demand-side  management 
programs,  be  integrated  with  building  structures, 
power  electric  transport,  or  provide  an  important 
niche  market  for  fuel  cells  to  be  later  used  in  the 
transport  sector.  Smart  controls  within  buildings 
and  within  electric-vehicle  recharging  stations 
might  allow  much  better  integration  of  intermit¬ 
tent  RETs  into  the  electricity  grid.  These  opportu¬ 
nities  may  offer  important  high-value  market 
niches  for  earl  y  use  of  RETs  that  can  help  leverage 
manufacturing  scaleup  and  cost  reductions. 


CONCLUSION 

The  development  and  integration  of  renewable  en¬ 
ergy  technologies  into  the  electricity  grid  poses  a 
variety  of  technical,  economic,  planning,  opera¬ 
tional,  and  institutional  challenges.  Many  of  the 
technical  challenges  are  being  overcome,  but 
much  work  remains.  The  cost-effectiveness  of 
these  systems  varies  widely.  Some  technologies 
are  competitive  in  bulk  power  markets  today:  oth¬ 
ers  are  competitive  only  within  higher  value  niche 
markets  (without  crediting  their  environmental  or 
fi.el  diversity  benefits).  Costs  are  highly  site-  and 
resource-specific  and  must  be  evaluated  on  a  case- 
by-case  basis.  Improved  models  and  methodolo¬ 
gies  for  evaluating  the  cost-effectiveness  of  these 
technologies  would  facilitate  this  evaluation  and 
provide  better  decision  making  tools  for  determin¬ 
ing  the  best  use  of  RETs  in  the  electricity  sector. 
Development  of  these  technologies  will  also  play 
an  important  role  in  international  markets,  in 
which  competition  is  becoming  increasingly 
intense,  as  countries  around  the  world  have  begun 
to  focus  on  RETs  as  a  key  market  for  the  2  1st  cen¬ 
tury. 


Including,  c.g..  environment],  fuel  diversity,  and  other  costs  and  benefits. 

J  i  *•  F'Of  example  under  ihe  Depanment  of  Defense  PV  Implementation  program  formed  in  1985  some  2 1  .()(KJ  cosi-cffccii\  e  applicati  On\  Of 
PVS  were  identified  in  [he  Navy  alone  which,  if  fully  implemented,  would  provide  net  annual  savings  of  about  $175  million.  The  majority  of 
these  have  reportedly  not  yet  been  implemented,  with  some  3,000  systems  installed  to  date.  See,  e.g.,  Sandia  National  Laboratories,  Fhotovolui  * 
ics  for MUiiary Applications:  A  Decisions-Makers  Guide,  SAND  87-7016  (Albuquerque,  NM:  May  1988);  Sandia Nnlional  Laboratory,  Fhom^ 
vohaics  Systems  for  88-3149  (Albuquerque,  NM:Ma>l989):and  John  Ryan  and  Richard  Sellers,  "Overcoming 

Institutional  Barriers/”  roJftv,  March  April  1992,  pp.  18-20. 
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A  large  amount  of  electricity-generating  capacity  will  have 
to  be  built  over  the  coming  years  to  replace  retiring  units 
and  meet  new  demand.  Renewable  energy  technologies 
(RETs)  are  already  competitive  for  some  of  this  capacity, 
and  further  technical  development  and  commercialization  sup¬ 
port  (see  chapter  5)  could  expand  their  share.  However,  the  rate  of 
growth  for  RETs  will  also  depend  on  factors  such  as  economic 
and  regulatory  changes  within  the  electricity  sector,  availability 
of  financing,  taxes,  perceptions  of  risk,  and  the  rate  of  change  in 
conventional  technologies.  This  chapter  discusses  those  factors 
and  approaches  for  further  commercializing  ^ETs  tor  electricity 
generation. 

ELECTRICITY  SECTOR  CHANGE 

Structural  and  regulatory  changes  in  the  electric  utility  industry 
have,  in  the  past,  encouraged  the  development  of  today’s  renew¬ 
able  energy  industry  and  are  likely  to  play  a  key  role  in  how  the 
renewable  energy  industry  develops  in  the  future.  Many  of  these 
rhanges  were  set  in  motion  by  increasing  strains  on  the  utility  in- 
lustry  in  the  1970s. 

Utilities  generally  enjoyed  stable  growth  and  declining  costs 
of  electricity  production  until  the  early  1970s.  Then  these  histori- 


tnform-Jiion  Adminiiilratbn  estimates  that  utilities  will  build  a  total  of 

about  110  GW  (and  retire  60  '""'‘and - generators  (not  including  . . 

will  build  72  2(1  10.  See  U.S.  of  Energy,  Energy  Information  Admin¬ 
istration,  the  Energy  Outlook, 

DC:  March  1994), 
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A  large  amount  of  electricity-generating  capacity  will  have 
to  be  built  over  the  coming  years  to  replace  retiring  units 
and  meet  new  demand.  Renewable  energy  technologies 
(RETs)  are  already  competitive  for  some  of  this  capacity, 
and  further  technical  development  and  commercialization  sup¬ 
port  (see  chapter  5)  could  expand  their  share.  However,  the  rate  of 
growth  for  RETs  will  also  depend  on  factors  such  as  economic 
and  regulatory  changes  within  the  electricity  sector,  availability 
of  financing,  taxes,  perceptions  of  risk,  and  the  rate  of  change  in 
conventional  technologies.  This  chapter  discusses  those  factors 
and  approaches  for  further  commercializing  RETs  for  electricity 
generation. 

ELECTRICITY  SECTOR  CHANGE 

Structural  and  regulatory  changes  in  the  electric  utility  industry 
have,  in  the  past,  encouraged  the  development  of  today’s  renew¬ 
able  energy  industry  and  are  likely  to  play  a  key  role  in  how  the 
renewable  energy  industry  develops  in  the  future.  Many  of  these 
:hanges  were  set  in  motion  by  increasing  strains  on  the  utility  in- 
lustry  in  the  1970s. 

Utilities  generally  enjoyed  stable  growth  and  declining  costs 
of  electricity  production  until  the  early  1970s.  Then  these  histori- 


'Tl\e  Energy  estimates  that  utilities  will  build  a  total  of 

about  110  GW  (and  retire  60  GW)  and  nonuiility  generators  (not  including  cogeneratot.';) 
will  build  72  GWe  by  2(1 10.  See  U.S.  Department  of  Energy,  Energy  Information  Admin¬ 
istration,  Supplement  tf>  the  Annual  Energy  Outlook,  7994.  DOE/EIA-0554(94)  (Wash¬ 
ington.  DC:  March  1994),  p.  IK.^. 
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cal  trends  were  reversed  due  to  reduced  economies 
of  scale"  for  new  large  coal-fired  plants/ the  oil 
shocks,  inflation  and  high  apparent  costs  of  capi¬ 
tal,  sharp  reductions  in  demand  growth,  increased 
environmental  regulation,  and  problems  with  ad¬ 
vanced  technology  such  as  supercritical  boilers 
and  nuclear  plants/ These  and  other  problems  led 
state  regulatory  agencies  to  disallow  (i.e.,  not  in¬ 
clude  in  the  rate  base)  more  than  $10  billion  worth 
of  utility  investment  during  the  1980s/Regula- 
tors  and  utilities  became  interested  in  alternative 
approaches  in  order  to  avoid  heavy  capital  invest¬ 
ment  in  new  generation  facilities. 

One  such  approach  was  to  encourage  indepen¬ 
dent  entrepreneurs  and  companies  other  than  util¬ 
ities  to  generate  power.  Another  was  to  tap 
alternative  resources,  renewable  in  particular. 
Federal  policy  addressed  these  issues  through  the 
PubUc  Utility  Regulatory  Policies  Act  (PURPA) 
of  1978.  Title  II  of  PURPA  established  a  class  of 
electricity  suppliers — "qualifying  facilities” 


(QFs) — Abased  on  cogeneration  and  renewable, 
and  outside  conventional  profit  regulation.  It  re¬ 
quired  utilities  to  purchase  power  generated  by 
QFs  at  a  rate  based  on  the  utility’s  incremental 
cost^ — more  commonly  termed  avoided  cost— of 
power.’ 

For  a  variety  of  reasons,  the  response  to  PUR¬ 
PA  was  mixed,  especially  for  RETs,  as  described 
in  box  6-1.  Price  was  a  key  factor.  Where  the 
avoided  cost  level  was  high,  the  industry  was  del¬ 
uged  with  offers;  where  low,  no  offers  were  made. 
Another  factor  was  the  terms  under  which  elec¬ 
tricity  was  to  be  purchased.  Some  states  simply  set 
tariffs  for  electricity  purchase  depending  on  the 
current  avoided  cost  level.  Since  these  could 
change  frequently,  private  investors  were  unwill¬ 
ing  to  risk  their  capital  on  long-term  projects 
whose  return  could  vary  dramatically.  Other  states 
allowed  long-term  contracts,  which  provided  the 
more  certain  financial  climate  developers  needed 


*LauriL<i  R.  Christensen  and  William  H.  Greene,  “Economies  of  Scale  iuU.S.  Electric  Power  Generation,  Journal  of  Political  Economy,  vol. 
84,  No.  4,  pt.  1,  1976,  pp.  655-676;  Thomas  G.  Cowing  and  V.  Kerry  Smith,  “The  Estimation  of  a  Prodnction  Technology:  A  Survey  of  Econo¬ 
metric  Analyses  of  Sieam-Elecuic  Generation,”  Land  Economics,  vol.  54,  No.  2,  May  1978,  pp.  156-  186;  Edward  Kahn  and  Richard  Gilbert, 
Universitywide  Energy  Research  Group,  University  of  California,  Berkeley,  “Competition  and  Institutional  Change  in  U.S.  Electric  Power 
Regulation,”  Report  PWP-011,  May  2,  1993;  Richard  F.  Hirsh,  Technology  atui  Transformation  in  [he  American  Electric  V  til  tty  Industry  (Cam¬ 
bridge,  England:  Cambridge  University  Press,  1989);  and  David  E.  Nye,  Electrifying  America:  Social  Meanings  of  a  New  Technology, 
1880-1940  (Cambridge,  MA:  MIT  Press,  1990),  p.  32. 

^One  study  found  that  going  from  a  400  MW  to  an  800  MW  unit  reduced  cost  per  k  W  installed  by  just  5  percent  (or  10  percent  on  the  addi¬ 
tional  kW).  See  “How  Much  Do  U.S.  Powerplani.s  Cost?”  Electrical  World,  March  1985,  reporting  on  a  study  of  491  recently  completed  and 
commercially  operating  fossil  and  nuclear  plants  by  University  of  Tennessee’s  Construction  Research  Analysis  group  for  Edison  Electric  Insti¬ 
tute. 

^Paul  L.  Jo.skow  and  Nancy  L.  Rose,  “The  Effects  of  Technological  Change,  Experience,  and  Environmental  Regulation  on  the  Construc¬ 
tion  Cost  of  Coal-Burning  Generating  Units,  ”  Rand  Journal  of  Economics,  vol.  16,  No.  1,  spring  1985,  pp.  1  -27;  and  Martin  B.  Zimmerman, 
“Learning  Effects  and  the  Commercialization  of  New  Energy  Technologies:  The  Case  of  Nuclear  Power,”  Bell  Journal  of  Economics,  vol  13. 
No.  2,  autumn  1982,  pp.  297-310. 

5oak  National  Laboratory, “Prudence  Is.sues  Affecting  the  U.S.  Electric  Utility  Industry,”  “Prudence  Issues  Affecting  the 

U.S.  Electric  Utility  Industry:  Update,  1987  and  1988  Activities,”  1989;  and  Ed  Kahn,  University  of  California,  Berkeley,  personal  communica¬ 
tion,  May  1994. 

6See  flection  2l  0  of  the  Public  Utility  Regulatory  PolicicS  Act  of  I  *^78. 

^Thetenuf^^^t, car;  of  power  has  been  interpreted  in  different  ways  by  various  utilities,  leading  to  varying  payments  to  01‘S.Sce. 

c.g.,  Daniel  Packey/'Why  Does  the  Energy  Price  Increase  When  Cheaper-Than-Avoided-Cost  D.SM  Is  Added,”  UiiUties  Policy,  vol.  3,  i993, 
pp.  243-253. 
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BOX  6-1 :  Lessons  Learned  in  State  Renewable  Energy  Development 


States  vary  dramatically  in  their  development  of  renewable  energy  technologies  (RETs)  in  the 
electricity  sector  California  has  more  than  6  GW  of  installed  RET  capacity,  Maine  is  second  with  about  850 
MW,  and  Florida  Is  third  with  about  820  MW  The  top  10  states  account  for  nearly  three-quarters  of  U  S 
RET  development  This  development  is  often  largely  unrelated  to  state  renewable  resource  endowments 
For  example,  the  Midwest  has  very  large  wind  energy  resources  but  little  wind  energy  development 
instead,  most  wind  development  has  taken  place  in  California  where  wind  resources  are  relatively  limited 
although  there  are  a  few  particularly  good  sites 

Key  factors  determining  RET  develbpment  include  the  planning,  contracting,  and  procurement  policies 
of  the  states  These  were  well  described  in  a  recent  report  published  by  the  National  Association  of  Regu¬ 
latory  Utlity  Commissioners  Of  particular  value  were  the  following 

Standard  contracts  with  (or  guidalines  for)  the  terms  and  conditions  for  capacity  and  energy  sales  to  utilityies  This 
greatly  reduces  the  expense  and  delay  of  negotiations,  reducing  transaction  costs  and  the  time  required  to  obtain  a 
I  financeable  contract 

Long-run  contract  price  based  on  avoided  new  utility  plants.  Long-run  contracts  (extending  for  15  to  30  years) 
based  on  the  cost  of  new  resources  are  more  likely  to  provide  a  sufficient  revenue  base  for  nonutility  general  ion  devel¬ 
opment  than  contracts  based  on  short-term  energy  and  capacity. 

Both  capacity  and  energy  values  paid.  It  is  difficult  for  new  projects  to  recover  costs  unless  they  receive  payment 
for  their  capacity  value 

Fixed  or  predictable  payment  stream  This  is  critical  for  any  nonutility  developer  to  obtain  financing 

Availability  of  /eve//zea!  or  front-loaded  payments  This  allows  developers  of  capital-intensive  renewable  energy 
projects  to  pay  debt  service  on  the  loan,  which  is  generally  10  to  15  years,  compared  to  30  years  for  utilities 

No  dispatchability  or  minimum  capacity  factorscreens  This  meant  that  renewable  resources  having  an  irtermit- 
tent/low  capacity  factor  (hydro  wind,  solar)  and  nondispatchable  resources  (geothermal)  were  not  excluded  from 
participating  Regulatory  mechanisms  reflected  the  benefits  that  these  resources  provide  to  the  consumer 

Special  rates  set  for  renewab/es  Two  of  the  states  created  special  rates  through  legislation  (New  York  for  all  quali¬ 
fying  facilities  and  Connecticut  for  municipal  solid  waste) 

I  SOURCE  Jan  Hamrin  and  Nancy  Rader  Investing  In  the  Fufure  A  Regulators  Guide  to  Renewables  (Washington  DC  National 

I  Association  of  Regulatory  UtllKy  Commissioners  February  1993) 


to  raise  capital  and  develop  a  project.  Standard  of¬ 
fers,  or  contracts,  contributed  to  this  confidence 
and  also  reduced  the  transaction  costs  of  develop¬ 
ers/ In  California,  the  combination  of  PURPA, 
federal  and  state  tax  credits,  and/or  standard  offers 
together  with  favorable  renewable  resources  led  to 


substantial  development  of  several  RETs.  includ¬ 
ing  biomass,  geothermal,  solar  thermal,  and  wind, 
beginning  in  the  early  1980s. 

PURPA  introduced  a  degree  of  competition 
into  the  electric  ity  sector.  In  the  mid-  1980s,  regu¬ 
lators  and  utilities  investigated  competitive  bid- 


^Sinndard  offers  derme  the  terms  and  conditions-1-.  g.,  energy  and  capacity  payments,  dispatch  ability,  and  rcliahil  ity  — under  wh  ich  mil  i- 
ties  will  buy  power.  They  set  the  transaction  price  at  the  avoided  cost  determined  by  the  state  regulatory  authority.  Some  of  the  siaiidard  contracts 
entered  into  in  the  early  1980s  resulted  in  prices  for  QF  power  that  were  above  utilities”  actual  avoided  costs  when  oil  and  ga.*;  prices  crashed  in 
the  mid-  to  late  1980s.  On  this  basis  some  argue  that  it  vk  as  inappropriate  to  provide  long-ieiTn — e.g.,l0->  ear — standard  contracts.  That  energy 
prices  might  decline  was.  of  course,  a  risk  when  these  contracts  were  entered  into.  At  that  time,  however,  energy  prices  were  expected  to  rjseaiul 
contracts  reflected  that  expectation.  Investment  in  natural  gas-fuelcdpowerplanis  today  similarly  laces  risks  should  natural  gas  prices  escalate 
more  rapidly  than  expected  in  a  decade.  These  fuel  cost  risk  issues  .suggest  the  need  tor  resource  diversity  and  For  proper  allocation  of  risk  and 
reward.  This  is  discussed  below. 
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ding  as  a  way  to  control  costs  of  new  plants. 
Utilities  in  some  25  states  have  conducted  com¬ 
petitive  bidding.  Nonutility  generators  (NUGs) 
responded  to  these  opportunities  by  building 
about  57  GW  of  generation  capacity  through 
1992,  including  some  16  GW  of  RET  capacity.^ 
The  record  of  low  cost,  rapid  construction,  and 
rehability  of  many  of  these  projects  has  encour¬ 
aged  further  opening  up  of  the  electricity  sector  to 
competition. 

The  Energy  Policy  Act  of  1992  (EPACT)  con¬ 
tinued  this  policy  direction  by  creating  a  new  class 
of  power  producers  known  as  Exempt  Wholesale 
Generators  that  are  exempted  from  certain  tradi¬ 
tional  utility  requirements.  ‘"EPACT  also  ad¬ 
dressed  a  variety  of  related  transmission  access 
issues  (see  below).  Finally,  California  and  several 
other  states  are  considering  an  investigation  of  the 
possibihty  of  “retail  wheeling”  to  determine  the 
feasibility  of  creating  an  even  more  competitive 
market.  “Whatever  form  these  varied  actions  ulti¬ 
mately  take,  it  is  likely  that  there  will  be  substan¬ 
tial  further  structural  changes  in  the  electricity 
sector,  in  particular,  higher  levels  of  competition 
in  electricity  generation. 

The  impact  of  increased  competition  on  RETs 
is  uncertain.  Greater  competitive  pressures  may 
reduce  investment  in  research,  development,  and 
demonstration  (RD&D)  and  could  diminish  inter¬ 
est  in  capital-intensive,  long-term  generating 
technologies  such  as  RETs.  The  low  cost  and  high 
performance  of  combustion  turbines  fired  with 


natural  gas  have  great  appeal  in  a  competitive 
market.  To  the  extent  that  market  competition  ig¬ 
nores  benefits  such  as  lower  environmental  im¬ 
pact  or  reduced  exposure  to  fossil  fuel  cost 
increases,  RETs  may  be  disadvantaged.  Further¬ 
more,  separation  of  generation  from  transmission 
and  distribution  (T&D)  could  increase  the  diffi¬ 
culty  of  implementing  applications  that  benefit 
the  system  as  a  whole,  such  as  the  distributed  util¬ 
ity.  On  the  other  hand,  increased  market  competi¬ 
tion  may  help  differentiate  energy  markets  by 
value,  potentially  opening  up  new  higher  value 
market  niches  for  which  particular  RETs  can  ef¬ 
fectively  compete. 

Competitive  bidding  for  electric  power  supply 
typically  proceeds  in  three  steps.  First,  the  utility 
projects  the  need  for  new  electricity  supply,  in¬ 
cluding  how  much  new  capacity  (MWS),  what 
kind  (baseload,  load  following,  peaking),  and 
when  it  will  be  needed.  Second,  a  solicitation  for 
competitive  bids  is  made.  Third,  the  tendered  bids 
are  screened  and/or  ranked  on  the  basis  of  several 
factors,  usually  beginning  with  price  and  followed 
by  operational  issues,  cost  structure,  and  environ¬ 
mental  impacts. 

In  practice,  there  has  been  less  development  of 
renewable  energy  under  the  competitive  bidding 
approach  than  had  occurred  under  earlier  PURPA 
avoided  cost/standard  offer  methods.  As  of  1990 
(before  a  significant  number  of  competitively  bid 
projects  came  online),  renewable  fueled  6,6  GW 
out  of  a  total  of  9.1  GWNUG  noncogeneration  ca- 


Depannjemof  Energy,  Energy  Information  Administration,  Annual  Energy Dq. 
July  1994),  p,  251.  About  32  GW  were  under  PURPA  and  25  GW  under  competitive  bidding  and  other  means. 

As  governed  by  the  Public  Utility  Holding  Company  Act  of  1^35. 

1 1  Retail  wheeling  proposed  individuals  the  opportunity  to  purchase  their  electricity  from  any  utility  or  indep^-odent  power  pro¬ 

ducer— thus  allowing  them  to  shop  around  for  the  lowest  price  or  for  other  features  that  they  value.  This  has  been  characterized  as  similar  to  the 
individual  customer’s  ability  to  shop  around  for  a  long  distance  telecommunications  company.  In  fact,  retail  wlieehng  of  electricity  is  not  well  - 
defined  and  cannot  be  described  by  so  simple  an  analogy.  For  a  discussion  of  these  issues,  see,  e.g.:  The  EJearidry  Journal,  April  1994,  entire 
is,sue;  Richard  J.  Rudden  and  Robert  Homich,  "Electric  Utilities  in  the  Future,”  Fortnight/y,  May  1,  1994,  pp.  21  -25;  and  Public  Utilities  Com¬ 
mission  of  the  State  of  California,  "Order  Instituting  Rulemaking  and  Order  Instituting  Investigation,”  Apr.  20,  1994.  In  addition  to  California, 
Nevada  has  a  limited  program  in  place,  and  Michigan  and  New  Mexico  have  called  for  rulemaking  on  more  limited  programs  to  introduce 
greater  competition.  See,  e.g.,  Peter  Fox-Peuner,  “Critical  Trends  in  State  Utility  Regulation,  ’’Natural  Resources  &  Environment/,  winter  1994, 
pp.  17-19,5  1-52. 
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pacity  (73  percent)  .12  In  contrast,  just  12  percent 
of  successful  competitive  bids  to  date  have  been 
based  on  renewable,  totaling  a  little  over  2  GW. 

Several  factors  may  have  contributed  to  this 
difference.  QFs  were  limited  to  RETs  and  cogen¬ 
eration,  unlike  competitive  facilities  that  can  use 
any  fuel.  In  addition,  fossil  fuel  prices  have 
dropped  to  near  historic  lows,  reducing  the  incen¬ 
tive  for  choosing  RETs.  Some  have  also  sug¬ 
gested,  however,  that  the  low  rate  of  adoption  of 
renewable  under  competitive  bidding  practices 
may  in  part  be  due  to  the  screening/ranking  factors 
not  adequately  reflecting  the  substantial  benefits 
of  renewable. 

These  changes  are  exposing  what  some  per¬ 
ceive  to  be  a  fundamental  conflict  between  two 
different  philosophies  for  utility  regulation:  1)  us¬ 
ing  regulatory  interventions  in  the  utility  sector  to 
advance  social  goals  such  as  a  cleaner  environ¬ 
ment  through  greater  investment  in  and  use  of  effi¬ 
cient  and/or  renewable  energy  technologies,  and 
2)  reducing  and/or  changing  regulation  in  the  util¬ 
ity  industry  to  allow  greater  competition  in  gen¬ 
eration  and  consequently  more  efficient  and  lower 
cost  provision  of  electricity.  These  are  not  nec¬ 
essarily  conflicting  goals,  and  means  of  realizing 
both  are  discussed  below. 


Other  changes  will  also  affect  RETs.  Increasing 
concern  over  the  environmental  impacts  of  fossil 
fuel  use  has  led  to  consideration  of  RETs  in  policy 
initiatives  such  as  the  Clean  Air  Act  Amendments 
of  1990,‘''EPACT,  and  the  Climate  Change  Ac¬ 
tion  Plan.  Half  the  states  now  incorporate  environ¬ 
mental  externalities  in  their  electricity  sector 
planning  and  operations  either  qualitatively  or 
quantitatively,  and  other  states  are  considering 
this.  Such  environmental  concerns  are  likely  to  in¬ 
crease  over  time,  and  will  generally  benefit  most 
RETs. 

Some  RETs  may  also  have  a  significant  influ¬ 
ence  on  the  structure  of  the  electricity  sector.  In 
particular,  as  photo voltaics  (PVs — or  other  small- 
scale  technologies  such  as  fuel  cells)  are  devel¬ 
oped,  they  may  be  distributed  throughout  a  T&D 
net  work.  That  could  lead  to  substantial]  y  different 
T&D  requirements  and  might  affect  the  technical 
and  financial  structure  for  the  electric  utility.  ’7 
Accommodating  this  change  will  require  much 
better  models  and  understanding  of  actual  power 
flows  so  that  the  corresponding  costs  can  be  un¬ 
bundled  and  assigned  appropriately  to  ensure  effi¬ 
cient  use  of  the  T&D  system. 


» 2 Energy  Intbnnation  Adininisti-ation,  Op. 

^^BiairO  Swezcy  National  Renewable  Energy  Laboratory,  “The  Impact  of  Competitive  Bidding  on  the  Market  Rrospct.:is  for  Renewable 
Electric  Technologies,”  draft,  January  1993. 

l^Thisi^isuchas  recently  been  highlighted  by  the  California  order  instituting  an  investigation  and  rulemaking  on  retail  wheeling.  Fora  ibvor 
of  some  of  the  debate,  see  The  Electricity  Journal.  Apiii  1994,  entire  issue. 

I6sec.  e.g.,  C..S.  Environmental  Proieciion  Agency,  Enerfiy  Efficiency  and  Renewable  Encrf^y:  Opportunities  from  Title  IV  of  the  Clean  Air 
Act.  EPA  430-R-94-001  (Wa.shington,  DC:  February  1994). 

'^For  example,  who  might  ov,-*  rooftop  PV  systems:  utilities,  homeowners,  or  third  parties?  if  distributed  power  is  a  significant  fraction  Of 
the  .system,  the  answer  to  this  question  could  influence  the  structure  of  tlie  electricity  sector. 

A  variety  of  different  means  arc  being  explored  to  achieve  better  understanding  of  and  workable  models  and  contracts  for  unbundling 
transmission  services,  Steven  L.  Walton,  “Establishing  Firm  Transmission  Rights  Using  a  Rated  System  Path  Model,  The  hleciricity  Journal, 
October  1993,  pp.  20-33;  W.  Hogan,  “Contract  Networks  for  Electric  Power  Transmission,”  Journal  ofReguknoryEconoynics.vol  4.  No.  3, 
1992,  pp.  21  I  -242;  and  Kahn  and  Gilbert,  op.  cit.,  footnote  2. 
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FIGURE  6-1:  Capital  Carryincj  Charges  and  Fuel 
Costs  for  Conventional  and  Capital-Intensive 
Renewable  Energy  Projects 


„Cost  (current)  $/kWh 


0  5  10  15  20  25  30 


NOTC.  The  capita!  carrying  charges  tor  the  utility-owned  wind  posA/er- 
plant  modeled  here  are  initially  about  tour  times  those  of  the  modeled 
natural  gas  combined-cycle  powerptar^t,  and  drop  to  about  three  times 
after  the  period  of  accelerated  (tive-year)  depreciation  for  the  wind 
equipment  This  illustrates  the  high  front-loaded  costs  for  capital-inten¬ 
sive  RETs.  Irt  contrast,  the  rxalural  gas  system  has  high  fuel  costs  and 
operates  rmre  irt  a  “pay-as-you-go-  manner  Overall,  the  wind  system 
modeled  here  has  a  slightly  tower  lifetime  levelized  cost  of  electricity  at 
5  22(r/'KWh  than  the  natural  gas  system  at  5.47^/kWh, 

The  capita:  carrying  charges  include  the  return  on  debt,  the  return  on 
equity,  federal  and  state  income  taxes,  book  depreciation,  property 
taxes,  and  insurance.  The  methodology  used  here  followed  that  of  the 
Electric  Power  Research  Institute.  Ail  costs  are  in  current  dollars  in  order 
to  appropriately  value  tax  benefits.  Parameters  used  are  virtnd  capital 
costs  of  S900^'kW.  capacity  factor  of  28  percent,  and  natural  gas  com- 
blned'Cyciecapilal  costs  of  $650/kW.  capacity  factor  of  70  percent,  and 
heat  rate  of  7. 700  Bt u/kWh.  Other  parameters  are  as  indicated  in  tables 
6-1  to  6-3. 

SOURCE:  Office  of  Technology  Assessment,  1995. 


POWERPLANT  FINANCE^^ 

A  typical  fossil  fuel  project — such  as  a  natural 
gas-fired  combined-cycle  powerplant-will  have 
a  relatively  low  capital  cost  per  unit  power  output 
compared  with  a  typical  nonfuel-based"" renew¬ 
able  project,  but  faces  continual  (and  potentially 
increasing)  fuel  costs.  A  typical  renewable  energy 
project  will  have  high  capital  costs  but  little  or  no 
fuel  cost  (see  figure  6-1  ).  Over  the  lifetime  of  the 
project,  the  low  operating  (fuel)  costs  of  the  RET 
can  more  than  make  up  for  its  high  capital  costs — 
depending  on  factors  such  as  the  cost  of  capital, 
fuel,  operations,  and  plant  life.  Nevertheless,  the 
RET  can  cost  more  than  the  fossil  plant  during  the 
first  years  of  the  project  under  common  financial 
accounting  methods. 

Effectively,  the  RET  power  is  paid  for  in  ad¬ 
vance  through  the  capital  charges,  in  contrast  to 
the  pay-as-  you-go  nature  of  fossil  fuel.  The  higher 
front-end  cost  of  the  renewable  poses  the  risk  of 
overpaying  for  power  should  the  project  fail  pre¬ 
maturely  (see  figure  6-2).  Conversely,  costs  of  the 
non-fuel-based  RET  could  be  lower  in  the  future 
than  for  a  fossil  fuel  system,  particularly  if  fuel 
prices  escalate  as  projected  (figure  l-A-4). 

I  utility  Finance'' 

Electric  utilities  are  monopolies  regulated  primar¬ 
ily  by  states.  The  retail  price  at  which  the  utility 
sells  electricity  is  set  through  a  regulatory  review 
process  that  allows  the  utility  to  recover  all  operat¬ 
ing  expenses,  including  taxes,  and  to  earn  a  “fair” 
return  for  its  prudent  investments.  The  review 
typically  consists  of  two  stages:  1)  a  review  of 
utiUty  capital  investments  that  can  be  a  lengthy, 
arduous  process  (especially  if  questions  are  raised 


19  Analysis  of  the  financial  situation  of  (he  electricity  sector  more  broadly,  including  market-to-book  value  ratios,  price/eamings  ratios,  and 
other  measures  of  financial  health  are  beyond  the  scope  of  this  study;  tliey  can  be  found  elsewhere.  See,  e.g.,  Edward  Kalin,  Electric  Ufiltty 
Planning  and  Regulation  (Wa.shington,  DC:  America  nCouncil  for  an  Energy  Efficient  Economy,  1991);  Leonard  S.  Hyman,  Amer/cn'.^  Electric 
Vrilities:  Past,  Present,  and  Future  (Arlington,  VA:  Public  Utilities  Reports,  Inc.,  1983);  and  Hariy  G.  SXoW,  Least-Cost  Electric  Utility  Planning 
(New  York,  NY:  John  Wiley  and  Sons,  1989). 

-fueled  renewable  energy  projects  are  likely  to  have  capital  and  fuel  costs  similar  to  those  of  fossil  fuel  projects,  unlike  capital-in¬ 
tensive  nonfuel'based  RETs  such  as  geothermal,  hydro,  solar,  and  wind. 

2  •Only  investor-owned  utilities  will  be  discussed  here,  as  public  utilities  are  exempt  from  federal  taxes  and  tax  incentives. 


Dollars 
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FIGURE  6-2:  Potential  Rate-Payer  Exposure  with 
Front-Loaded  Cost  Structures 


NOTE  The  front  loaded  cost  structure  resulting  from  typical  carrying 
charges  shown  in  figure  6-1  can  result  in"  rate-payer  exposure*  In  that 
they  pay  for  the  plant  upfront  but  run  the  risk  that  the  plant  does  not  op¬ 
erate  for  as  long  or  al  the  performance  level  expected  Proper  structur¬ 
ing  of  the  contracts  can  reduce  this  risk 

SOURCE  Ed  Kahn  et  al  Lawrence  Berkeley  Laboratory,  Evaluation 
Methods  in  Compelive  Bidding  for  Electric  Power,  ’  LBL-26924  June 
1989 

over  the  prudence  of  investments);  2)  and  much 
less  detailed  reviews  of  automatic  adjustment  of 
fuel  costs. 

The  cost  of  owning  and  operating  a  utility-gen¬ 
erating  plant  is  affected  by  a  variety  of  federal  and 
state/local  tax  provisions  as  discussed  below.  Cur¬ 
rent  federal  tax  policy  variously  provides  inves¬ 
tor-owned  utilities  (lOUs)  5-,  15-,  and  20-year 


accelerated  depreciation,  and  a  10-year  1.50/kWh 
renewable  electricity  production  credit  (REPC) 
according  to  the  particular  technology,  as  listed  in 
table  6-1.  State  and  local  governments  may  also 
levy  income,  sales,  property,  and  other  taxes. 

The  impact  of  federal  and  state/local  taxes  at 
the  generating  plant  (not  including,  for  example, 
fuel  mining  and  transport)  can  be  calculated  using 
standard  financial  models  .23  Representative  taxes 
carried  by  different  powerplants  are  shown  in  fig¬ 
ure  6-3,  based  on  the  parameters  in  tables  6- 1,6-2, 
and  6-3.  (A  more  detailed  analysis  f  taxej  ver 
the  entire  fuel  cycle  for  two  specific  regions  in  the 
United  States  is  given  in  the  following  section.) 

Current  law  (which  provides  five-year  acceler¬ 
ated  depreciation  for  many  RETs)  sets  the  federal 
tax  burden  per  kWh  of  generated  electricity  for 
RETs  and  most  fossil  technologies  in  the  range  of 
roughly  0.1  0-  1.00/kWh,  depending  on  the  partic¬ 
ular  technology,  its  capital  cost,  and  other  factors. 
This  does  not  include  the  REPC"' or  upstream 
taxes  from,  for  example,  fuel  mining  or  transport 
(see  below).  Within  this  range  there  is  consider¬ 
able  variation  between  technologies  in  taxes  paid 
per  kWh  generated.  Coal-generated  electricity 
(which  receives  20-year  tax  depreciation)  carries  a 
federal  tax  burden  in  this  scenaiio  of  about 
O.40kWh,  as  illustrated  in  figure  6-3a. 

If  capital-intensive  RETs  instead  had  the  same 
depreciation  schedules  as  coal-fired  plants,  thev 
would  generally  pay  significantly  higher  taxes  per 
kWh  generated  than  fossil  fuel  plants  (for  the  gen¬ 
erating  plant  itself,  not  including  fuel  mining  and 
transport  costs — see  below).  The  reason  is  that 
federal  taxes  ai'e  based  on  income,  utility  income 
is  based  in  part  on  capital  investment — for  exam¬ 
ple,  the  rate  base,  and  RETs  require  a  higher  capi- 


generate  atx'jut  ihrce-quaners  of  U.S.  electricity  and  will  be  the  focus  of  this  discussion.  Other  types  of  utility 
ownership  include  public  utilities,  cooperatives,  and  federally  owned  facilities.  These  other  types  are  not  discussed  here  as  they  are  generally 
exempt  from  federal  and  state  taxation. 

2^This  analysis  was  done  by  OTA  using  a  model  similar  to  that  of  the  TAd''"^  method  of  the  Electric  Power  Research  Institute.  Tins  spread¬ 
sheet  model  was  also  compared  with  and  validated  by  several  other  standard  methods  such  as  those  in:  U.S.  Congress,  Office  of  Technology 
Assessment,  Electric PowerTechncflo^iex: Problems  and  Prospects  for  the  i990s,  OTA-E-246  (Washington,  DC:  U.S.  Government  Print¬ 
ing  Office,  l9B.^):and  Harry  G.  S\{}\\.Leasi-Coxt  Elecirii:  Ulihiy  Phnnmj^iNew  York,  NY:  John  Wiley  &  Sons,  1989). 

^'^T'he  REPC.  purl  of  EPACT,  credits  wind  and  closed-loop  biomass  facilities  placed  in  service  between  1994  and  1 999  with  1 


TABLE  6-1:  Current  Tax  Factors  for  Selected  Electricity  Sources 
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FIGURE  6-3A;  Levelized  Federal  Tax  Burdens  on 
Various  Technologies  Owned  and  Operated  by  an 
Investor-Owned  Electric  Utility 


FEDERAL 

I 

4l 

3- 

2- 


1- 


Coal  Bio-  Geo-  Hydro-  Photo  Solar  Wind 
mass  thermal  power  voltaic  thermal 


NOTE:  On  a  per  kWh  basis,  the  fede^a.  tax  burden  carried  by  various 
technologies  under  util  ty  ownership  varies  considerab-y  between 
technolog.es  VVMhour  accelerated  deprec.-aticn  tor  RETs,  their  tax  bur¬ 
den  would  generaMy  be  Sign'ticantiy  riigher  than  that  fcr  conventiorat 
coa-  or  gas-f  red  powerp.ants  The  catCwlatdns  used  a  reverwe  re- 
Cjirerneni  rnethodoogy  foiicw'ng  that  ot  the  Electric  Power  Research 
h^sl  tjte  and  were  based  on  {tie  parameters  I'Sted  r  tables  6-1  6*2 
and  6-3  Tne  anaiys  s  includes  the  eftect  of  accelerated  depreciation, 
{ does  not  inc  v^nethe  irr.pact  of  energy  production  credos  as  provided 
by  the  Energy  Po  -cy  Act  of  1992 
SOURCE  CM  ce  of  ■technology  Assessmer'^t.  1995 

tal  investment  per  power  output  than  fossil 
plants.  ^Accelerated  depreciation  for  capital-in¬ 
tensive  RETs  only  partially  compensates  for  bas¬ 
ing  taxes  on  capital  investment  rather  than  kWh 
generated. 

Although  further  reducing  federal  taxes — 
which  total  less  than  1  0/kWh  (not  considering  the 
REPC) — might  correspondingly  provide  a  small 
competitive  boost  for  technologies  such  as  bio- 


FIGURE  6-3B:  Levelized  State  Tax  Burdens  on 
Various  Technologies  Owned  and  Operated  by  an 
Investor-Owned  Electric  Utility 


STATE  AND  LOCAL 

Cents/kWh 


Coal  Bio-  Geo-  Hydro-  Photo  Solar  Wind 
mass  thermal  power  voltaic  thermal 


NOTE  On  a  per  kWh  bass  state  and  local  taxes  carried  by  various 
technologies  also  vary  significantly  of  these,  property  taxes  can  be 
particularly  significant  determinants  of  overall  tax  burders.  The  calcula 
tions  used  the  same  methodology  and  parameters  as  figure  6-3A  The 
bass  for  calculating  property  taxes  can  vary  significantly  between 
states  and  localities  depending  on  how  the  cap  [al  is  assumed  to  de¬ 
preciate  in  value  over  time  how  inrflation  in  capital  values  is  treated  and 
other  factors  The  scenario  modeled  here  assumed  that  the  property 
bass  would  Increase  with  inflation  the  share  of  that  property  on  which 
the  tax  IS  levied  is  assumed  to  deprecate  at  a  straight-  me  book  life  rate 

SOURCE  Off  Ice  of  Technology  Assessment  1995 

mass,  geothermal,  hydro,  and  wind  that  are  now 
competitive  or  nearly  so,  it  would  have  little  com¬ 
petitive  benefit  for  solar  thermal  or  photovoltaics 
(chapter  5). 

This  analysis  shows  a  gap  in  policy  instruments 
between  RD&D  and  tax  policy  to  support  large- 
scale  commercialization.  RD&D  is  often  the  first 
factor  that  reduces  the  cost  of  a  technology.  As 
commercial  manufacturing  increases  with  ncar- 


practice  mil  ily  rate more  complex  than  this,  and  ui  ii  it  ics  have  incentives  for  choosing  low  total  cost,  rather  ihanL  igh 
capital  cost  options. 
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TABLE  6-2;  Assiimed  Financial  Parameters 
for  Investor-Owned  Utility  Powerplant 
Financial  Analysis 

Global  parameters 

Rate 

Inflation 

3% 

Insurance 

1 

Property  tax 

3 

State  sales  tax  on  fuel 

5 

State  sales  tax  on  equipment 

5 

Slate  income  tax 

6^ 

Federal  income  tax 

35 

Rate  Share 

Debt 

real 

45% 

Preferred  stock 

5 

10 

Common  stock 

8 

45 

‘^Statc  lax  >s  deductible  trono  the  tederat  teiutn. 
SOURCE;  Ofticeof  lechnoiogy  Assessnienl.  1995 


competitiveness,  economies  of  scale  become  the 
primary  factors  in  driving  costs  down  further,  and 
tax  credits  can  expedite  this  process.  Before  a 
technology  can  get  to  this  stage,  however,  it  must 
establish  a  manufacturing  base  while  it  is  yet  un¬ 
competitive  except  for  niche  markets.  Mecha¬ 
nisms  to  support  manufacturing  scaleup  may  be 
an  important  intermediary  step  in  some  cases  if 
costs  are  to  be  reduced  to  more  widely  competitive 
levels.  The  TEAM  UP  proposal  discussed  in 
chapter  5  is  such  a  step.  It  is  important  to  assure 
that  any  such  policies  actually  stimulate  invest¬ 
ment  in  large-scale  manufacturing,  or  manufac¬ 


turers  could  simply  use  this  assistance  to  prop  up 
prices  for  products  from  existing  capacity. 

State  and  local  property  taxes  can  impose  a 
heavy  tax  burden  on  capital-intensive  RETs  be¬ 
cause  they  are  levied  as  a  percentage  of  capital''^ 
and  because  they  are  levied  annually.  Sixteen 
states  exempt  some  renewable  energy  equipment 
from  property  taxes  (see  table  6-4)  and  some  pro¬ 
vide  tax  credits;  this  can  reduce  the  state  tax  bur¬ 
den.  The  basis  for  such  property  tax  exemptions  in 
part  depends  on  how  taxes  are  viewed — as  a  tax  on 
“wealth”  or  to  pay  for  “benefits,”  serving  effec¬ 
tively  as  a  user’s  fee.  Viewed  as  a  benefits  tax,  for 
example,  property  taxes  provide  on  average 
roughly  three-quarters  of  local  tax  revenues  and 
serve  to  cover  the  costs  of  roads,  schools,  and  oth¬ 
er  public  services  for  the  employees  of  the  facility 
being  taxed.  The  level  of  such  public  services  re¬ 
quired,  however,  varies  significantly  with  the  type 
of  powerplant.  Conventional  powerplants  may  re¬ 
quire  substantial  infrastructures  for  fuel  transport 
and  water  supply,  as  well  as  schools  and  hospitals 
for  many  employees.  In  contrast,  some  RETs  may 
require  little  or  no  transport  of  fuel  and  may 
operate  with  relatively  fewer  personnel  at  the 
powerplant  per  unit  of  capital  investment  than 
conventional  powerplants.'^Detailing  these  dif¬ 
ferences  would  be  a  useful  next  step  for  making 
decisions  about  taxing  RET  property  at  the  state 
and  local  level. 

I  Nonutility  Generator  Finance 

NUGs  typically  finance  generation  expansion 
through  project  finance  in  which  the  lender  is  re- 
payed  and  the  loan  secured  through  the  cash  flows 


26  capital  is  determined  varies  from  state  to  state,  depending  on  how  the  capital  is  assumed  to  depreciate  in  value  over  time,  how  infla¬ 
tion  in  capital  values  are  treated,  and  numerous  other  factors.  The  scenario  modeled  assumed  that  tlie  property  basis  would  increase  with  infla¬ 
tion;  the  share  of  that  property  on  which  the  tax  is  levied  is  assumed  to  depreciate  at  a  straight-line  book  life  rate. 

2 'This  docs  not  necessarily  imply  that  the  renewable  energy  system  might  generate  less  employment.  In  fact,  several  studies  suggest  that 
some  RETs  may  generate  more  employment.  The  difference,  however,  is  where  this  employment  is  distributed  across  the  fuel  cycle.  Capital-in¬ 
tensive  RETs  may  have  more  employment  associated  with  manufacturing  and  less  associated  with  fuel  production  or  power-plant  operations 
and  maintenance  than  do  fossil  fuel  systems. 
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TABLE  6-4:  SUte  incentives  for  Solar  Technologies 


•Offers  a  10-percent  tax  credit  for  construction  costs  of  “qualifted  enwronmental  technology  facilities, "  including  renewable  energy  plants 
boffers  5-percent  loans  to  small  businesses, 
orarus  to  locaj  governmems,  scnoois,  ana  nospuars. 
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and  the  assets  of  the  individual  project. '‘‘This  is 
the  form  of  financing  used  in  many  wind  (see  box 
6-2)  and  solar  thermal  projects  (see  box  6-3),  for 
example.  In  contrast,  utilities  typically  finance 
generation  expansion  through  corporate  finance 
in  which  the  loans  are  secured  by  all  the  corpora¬ 
tion’s  assets. '^NUGs  also  typically  carry  higher 
debt, '"in  part  because  of  overall  lower  perception 
of  risks  These  differences  in  financial  structure 
and  taxes  affect  NUG  investment  in  RETs  in  sev¬ 
eral  ways. 

First,  NUG  project  finance  is  typically  limited 
by  lenders  to  15  years  or  less-compared  with 
project  lifetimes  of  perhaps  30  years — and  may 
have  reopener  clauses  that  require  renegotiation  of 
terms  if  utility  avoided  costs  or  other  factors 
change  sufficiently.  This  may  make  it  more  diffi¬ 
cult  for  NUGs  to  invest  in  long-term,  capital-in¬ 
tensive  RETs. 

Second,  lenders  must  be  assured  the  economic 
viability  of  the  NUG  project,  including  that  the 
cash  flow  will  always  cover  debt  service  pay¬ 
ments.  Project  finance  loans  then  often  require  fi¬ 
nancial  reserves  to  ensure  that  debt  service  can  be 
covered  and  may  have  a  variety  of  other  restric¬ 
tions  on  cash  flow.^'These  requirements  may  be 


particularly  stringent  for  capital-intensive  RETs, 
and  may  result  in  NUGS  being  required  to  post 
additional  financial  security  or  have  greater  de¬ 
mands  placed  on  other  components  of  the  project 
bid.'' 

Third,  as  for  utilities,  NUG  finance  may  be  in¬ 
fluenced  by  a  variety  of  tax  considerations  (see 
table  6-1  ).  The  impact  of  accelerated  depreciation 
and  state/local  taxes  is  similar  to  the  case  of  utili¬ 
ties,  as  discussed  above.  In  addition,  recent  analy¬ 
ses  for  the  U.S.  Department  of  Energy  suggest  that 
the  10-year  1.50/kWh  REPC  for  closed-loop  bio¬ 
mass  and  wind  has  the  potential  to  improve  NUG 
rate-of-returns,  and  may  thus  encourage  invest¬ 
ment  in  these  technologies.  The  Alternative  Mini¬ 
mum  Tax  (AMT)'" may,  however,  hmit  a  NUG 
from  taking  full  advantage  of  these  tax  incentives. 
While  the  Office  of  Technology  Assessment 
(OTA)  has  not  analyzed  this  issue,  at  least  one 
study  found  that  “if  a  NUG  is  subject  to  the  AMT, 
. . .  [it]  becomes  a  barrier  to  the  adoption  of  renew¬ 
able  technologies.  Such  factors  may  be  par¬ 
ticularly  important  for  renewable;  as  a  fledgling 
industry,  it  is  viewed  as  having  higher  risk  and  can 


28  Edward  p.  Kahn  ci  al..  Lawrence  Berkeley  Laboratory,  Energy  and  Environment  Division,  “Analysis  of  Debt  Leveraging  in  Private  Power 
Projects,”  Report  LBL-^2487.  August  1992. 

■J^Fxislingdebt  covenants,  however,  limit  management’s  ability  to  obligate  ex  isting  assets  fiirtlier.  Coverage  ratios,  fOr  example,  help  pro¬ 
tect  existing  bondholders. 

project  luuy  have  as  percent  debt,  1 6 percent  subordinated  debt,  and  just  4  percent  equity  in  die  project.  See.  e.g.,  Daniel  A. 

Potash,  “For  What  It’s  Worth  .  . Independent  Energy,  September  1991,  pp.  37-40. 

^ ‘The  financial  •'^cognizes  ihatNlJGs  have  strong  incentive  to  succeed  because  otherwise  they  do  not  get  paid.  In  addition, 

NUG  projects  usually  begin  with  long-term  power  purchase  agreements  with  utilities,  so  they  do  not  face  demand  risks.  In  .such  a  case,  the  utility 
bears  the  demand  risk  and  may  have  to  buy  its  way  out  of  an  expensive  contract  if  demand  is  lower  than  expected.  Therefore,  even  though  the 
NUG  pledges  only  the  assets  of  the  specific  project,  it  can  carry  higher  levels  of  debt  tlian  a  utility. 

'‘-RP.Xahncta!  op  cit  footnote  F.  Naill  and  WilliainC. Dudley. ‘‘IPP  Leveraged  Financing:  Unfair  Advantage?”  Public  f-JIlIi- 

tirsPortnightlyMn.  15,  1992;  and  Roger  F.  Naill  and  Barry  J.  Sharp,  “Risky  Business?  The  Case  for  Independents,”  Electricity  Journal,  April 
I99l,pp.  $4-63. 

Swczey  Renewable  Energy  Laboratory,  "The  Impact  of  Competitive  Bidding  on  the  Market  Prospects  for  Renewable 

Electric  Technologies,”  Report  No.  NREL/TP-462-5479,  September  1993. 

34  p-a  discussion  how  th,  aMT  works,  see  Stanton  W.  Hadley  et  al..  Report  on  the  Study  of  Tar  and  Rate  Treatment  ofRcnc\<'ablc  Energy 

Project.^,  ORNL’6772  (Oak  Ridge,  TN:  Oak  Ridge  National  Laboratory,  December  1993),  p.  I  - 12. 

^^Ibid. 
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’  BOX  6-2:  Wind  Energy  Development  in  California 


Until  recently,  the  development  of  the  U.S.  wind  Industry  had  taken  place  primarily  in  California  due  to 
particularly  favorable  tax  and  rate  treatment  there  in  the  early  to  mid-1980s  In  addition  to  the  federal 
10-percent  Investment  tax  credit,  a  15-percent  business  energy  investment  tax  credit^nd  five-year  accel¬ 
erated  depredation  for  wind  systems? this  included  a  state  energy  Investment  tax  credit  of  25  percent 
and  favorable  power  purchase  agreements  with  California  utilities  under  the  Public  Utility  Regulatory  Poli¬ 
cies  Act.  In  particular,  California  Standard  Offer  ^  locked  in  escalating  energy  prices  for  a  period  of  10 
years, '‘based  on  the  expectation  that  conventional  energy  prices  were  also  going  to  escalate  The  advan¬ 
tage  of  this  form  of  contract  was  that  10-year  debt  financing  could  then  be  obtained  from  various  institu¬ 
tional  investors  who  were  assured  of  the  necessary  income  stream  to  retire  the  debt  This  price  lock-in 
reduced  Investor  uncertainty  and  led  to  a  “stampede  of  potential  power  producers  signing  contracts  with 
utilities 

These  tax  benefits  we/e  generous.  By  one  estimate,  “most  Investors  could  recover  about  two-thirds  of 
their  Investment  through  the  reduction  of  their  taxes  in  less  than  three  years,  even  with  no  sales  of  electric¬ 
ity  “'Consequently,  these  returns  attracted  a  wide  range  of  manufacturers,  financiers,  and  wind  farm  de¬ 
velopers  of  varying  capabilities  and  motivations,  By  one  estimate,  more  than  40  wind  energy  developers 
installed  turbines  between  1982  and  19847  In  1980,  the  California  Energy  Commission  set  a  goal  of  having 
500  MW  of  wind  capacity  online  by  1987,  1,436  MW  were  actually  online  in  that  year. 

There  was,  however,  relatively  little  base  of  supporting  wind  technology  research,  development,  and 
demonstration  (RD&D),  much  of  the  previous  federal  technology  RD&D  had  been  focused  on  very  large  (1 
MW  or  larger)  systems  and  little  on  the  relatively  lower  risk  and  lower  cost  Intermediate  scale  (50  to  250 
kW)  systems  that  were  put  In  by  private  developers  Consequently,  many  early  wind  systems  failed  to  per¬ 
form  as  expected.  For  example,  wind  systems  produced  just  45  percent  of  industry  electricity  generation 
projections  in  1985  This  poor  performance  of  many  U.  S.-made  turbines  opened  the  door  for  the  entry  of 
large  numbers  of  Imported  turbines,  totaling  some  40  percent  of  the  cumulative  Installed  capacity  as  of 
1990  These  foreign  turbines— largely  Danish  in  origin— were  noted  for  their  heavier  and  high-quality 
construction  and  their  high  reliability. 


’The  business  nvestnenttax cred-r  for  certain  energy  properties  was  enacted  under  the  Energy  Tax  Act  of  1978  (Pubne  Law 
95-61  8) 

*This  was  estabi  shed  under  the  Economic  Recovery  Tax  Act  of  1981 

3  As  state  taxes  are  deductible  the  effect  of  this  tax  credit  iS  reduced 

-»This  wasfoiiOwedb,acJropJoDernaps  90  percent  of  avoided  cost  over  the  remaining  (20)  yea's  of  the  conuact  At  the '“‘“he 
10  years  avoided  cost  payments  covered  operations  and  maintenance  and  other  costs  and  returns 

‘Alan  J  Cox  et  al  Wind  Power  nCa  forr  a  A  Case  Study  of  Targeted  Tax  Subsidies.  ”  Regulatory  Choices  A  Perspective  on 
Developments  m  Energy  Pohey.  Richard  J  Gilbert  (ed  )  (Berkeley,  CA  University  of  California  Press  1991),  p  355 

€  Ibid  p  349 

'Susan  W  iiams  and  Kevin  Porter,  Power  Plays  Profiles  of  America  s  independent  Renewable  Electricity  Developers  (Washing¬ 
ton  DC  Investor  Responsibility  Research  Center  1989)  Estimates  of  the  number  of  manufacturers  and  developers  active  at  some 
level  vary  widely  and  are  somshmes  much  higher  For  example  some  estimate  that  more  than  50  manufacturing  companies  and  200 
development  companies  were  nvoived  n  wmd  development  in  the  early  1980s  See  Jan  Hamnn  and  Nancy  Raoer.  fr>v65t>ng  in  the 
Future  A  Regulator'sGuide  to  Renewables  (Washington,  DC  National  Assodal  on  of  Regulatory  Utility  Commissioners.  February 
1993)  p  B-27 
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BOX  6-2  {cont’d.);  Wind  Energy  Development  in  California 


Federal  and  state  tax  credits  were  significantly  reduced  beginning  in  1986,  This  led  to  a  winnowing  of 
wind  system  manufacturers  and  developers  and  sharply  slowed  the  rate  of  installation.  Just  eight  develop¬ 
ers  Installed  wind  turbines  in  1988,  for  example,  and  about  two  dozen  are  now  active  at  some  level.  Six  of 
these— Cannon  Energy,  FloWind,  Kenetech-U.S.  Windpower,  New  World  Power,  SeaWest,  and  Zond— ac¬ 
count  for  about  three-quarters  of  total  installed  wind  capacity  in  the  United  States.® Manufacturers  went 
through  a  similar  winnowing  process,  with  just  one  large  U.S.  manufacturer — Kenetech-U.S.  Windpower — 
and  several  smaller  manufacturers/project  developers — including  Zond,  FloWind,  Cannon  Energy,  and  Ad¬ 
vanced  Wind  Turbines— now  producing  or  developing  utility-scale  turbines.*Work  continued  throughout 
this  period,  however,  with  continuing  gains  in  cost  and  performance,  Federal  RD&D  support,  in  partnership 
with  private  firms,  have  enabled  U.S.  wind  companies  to  take  the  global  lead  in  wind  turbine  technology, 
cost,  and  performance,  but  these  firms  continue  to  struggle  in  international  markets,  where  most  sales  are 
now  occurring. 

Overall,  the  history  of  the  development  of  the  wind  power  industry  has  both  negative  and  positive  as¬ 
pects,  On  the  negative  side,  at  least  one  detailed  analysis  Indicates  that  more  was  spent  to  develop  wind 
technology  during  this  period  than  was  necessary  or  efficient.'®”  Using  tax  and  rate  incentwes,  in  effect,  to 
support  RD&D,  and  Installing  many  poor  performing  machines  was  not  an  efficient  means  of  developing 
and  commercializing  wind  energy  technology.  Tax-based  financing  also  sometimes  resulted  in  year-end 
Investment  decisions,  making  planning  and  manufacturing  difficult.  On  the  positive  side,  a  cost-effective 
and  environmentally  friendly  technology  has  been  developed  and  a  viable  industry  is  beginning  to  take 
shape,  in  part  due  to  favorable  tax  and  rate  treatment  that  allowed  the  industry  to  get  started, 


fl  Randall  Swisher,  American  Wind  Energy  Association,  personal  communication,  Aug  25,  1994 

“Others  include  Atlantic  Orient,  Wind  Eagle,  and  Wind  Harvest 
:0  et  at  Op  cit  footnote  5 


have  more  difficulty  attracting  capital  than  well- 
established  competitors. 

UTILITY  FULL  FUEL-CYCLE 
TAX  FACTORS 

An  analysis  done  for  OTA  examined  taxes — in¬ 
cluding  both  federal  and  state  income  taxes,  sales 
taxes,  fuel  taxes,  property  taxes,  and  taxes  on  la¬ 
bor — across  the  entire  fuel  cycle  of  fuel  extraction 
and  supply,  fuel  transport,  and  utihty  genera¬ 
tion.^^  It  included  the  embedded  taxes  on  capital, 
labor,  and  land  directly  involved  within  each  of 
these  activities.  Capital,  labor,  and  land  taxes  in 


secondary  industries  were  not  separately  consid¬ 
ered.  This  analysis  included  modeling  of  the  fi¬ 
nancial  structure  of  each  of  these  entities  and 
consideration  of  construction  costs  and  how  they 
are  included  in  the  ratebase. 

Two  utilities  were  modeled  using  data  provided 
by  specific  east  and  west  coast  investor-owned 
utilities.  Table  6-5  summarizes  the  results  of  this 
analysis  for  each  of  the  fuel  cycles.  This  table 
highlights  several  issues.  First,  taxes  on  upstream 
coal  and  the  development  and  transport  of  the  nat¬ 
ural  gas  supply  are  a  relatively  small  portion  of  the 
total  fuel-cycle  taxes;  most  of  the  taxes  occur  at 


section  primarily  draws  on  the  work  of  Dallas  Burlraw  and  Pallavi  R.  Shah,  Resources  for  the  Future,  “Fiscal  Effects  of  Electricity 
Generation  Technology  Choice:  A  Full  Fuel  Cycle  Analysis,”  report  prepared  for  the  Office  of  Technology  Assessment,  March  1994. 
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BOX  6-3:  The  Rise  and  Fall  of  Luz  International,  Ltd. 


Between  1984  and  '99i  LljZ  Irier-^ationai.  Lid  mstaiied  354  VIW  ot  paraood:  trougn  soiar  tner-nai  elec- 
tnc-gencrating  capacity  m  California  5  deserts.  The  technCiOgy  dernonstfateo  ’ncreas.ng  :e=.ab;‘ily  anc  per¬ 
formance  and  cecreasinn  costs  with  each  generation  For  example  ievei-zoc  rest  ot  e;ectr,c=ly 
dropped  by  rojghV  ^  three  oetween  tne  first  and  last  generaLcns.  Nevertnekiss  t^:ese  parabolic 

trough  systenis  are  rot  ccst-conpetii  ve  give*'  the  drop  m  energy  pnees  oeg  nnmg  m  ;re  *0  co  ’980s.  rxir- 
ticuiariy  compared  to  using  natuTii  gao  i*'  advanced  gas  turb  ru'js 

^loancir'G  of  so'ar  trermai  piacts  vvas  posS'D'e  duo  to  a  ccr^io  nat'cn  of  fecera;  a'''0  sMitf  ■  tri/ 
and  favorable  utii  ty  power  pofciiaso  rates  (just  as  for  wirid  power:  see  box  6-2;.  Tax  oe''efts  !or  solar 
(nermai  investment  ccrisisted  cn’  a  lO-percent  focierai  investment  tax  crocM.  .a  lo-pcrcert  roporai  ouSiness 
energy  investment  tax  credit.  a-'Cl  f.vn-ycar  acce  erateo  depfeciaLon.  end  a  25-perceri  Californic:  energy 
investment  tax  cred't*  anc  exer^ipt  on  frern  preporty  taxes.  Power  purchase  -aios  wr^re  ndiaily  uf'oer 
Caiitoroia  Standard  Otter  4  (S04j  co'dracts  and  ncojoed  lO-year  fixed  rates  at  n.gh  e  s  oasec  on  the 
expectations  for  convent  onai  fee's 

Luz  developed,  manufacturon  and  operated  (through  subsidiaries)  tne  parabohe  trougn  systems.  w;tn 
support  from  large  nst'tuticnai  and  corporate  i-^vestors  through  prcjeci  f  nanemg.  As  a  ccnseoue-^co.  Luz 
financing  was  higniy  ievemgecl—  t  owned  littie  of  l^'^e  pcwerp  anls:  most  of  me  fundmg  ra'ne  from  outs  de 
This  mace  4  v^inerabio  to  srnai;  changes  in  if^vestmeni  dm'iate  Per  exanpie.  when  (ue  attractive  S04 
contracts  were  suspe.nderj  oy  tne  Ca..lcrpiC:  Pubi/C  Uti-  tie'S  Commis.s.o'n  '‘vostor.s  lO  me  luz  punts  ce- 
mandec  an  increase  m  tre.r  p.miected  after ta.<  interna  ram  nf  retwjrn  frcm=  acemT  '  4  10  7  peremd 

Energy  prices  dropped  n  tne  m  d-i9a0s.  at  tne  saroe  t  mie.  the  federal  mvostmem  tax  creait  of  10  per¬ 
cent  was  phased  out  the  federal  energy  mvestment  tax  credit  was  reduced  uom  1 5  to  10  percent  and  me 
California  Solar  Energy  Credf  was  mcuced  Improveme'^ts  m  techno  ogy  cost  a'm:  pornimnn'me  jus! 
managed  to  Keep  up  w^th  1^030  tax  cna^’ces  wmet'  were  .mpesed  indeponoemiv  cf  V  e  ’■'Ouds  ct  {e''nr'o'c- 
gy  development  or  to  counteroaianco  iswiogs  m  toe  pree  of  efiergy,  Anru.a.  otens-on  of  (he  ?ax  credits 
severely  constramec  planning  a^d  constructor  seneduies  for  the  pianis  reciii  unq  l.-jz  to  wa'I  ..jctii  me  tax 
credits  were  extended  arc;  t-^en  r^.s-  to  co'^slruct  t^'e  powerpant  w-fm'  me  year  Ti  s  crsc  s’cn  f  c  a- tw 
raised  the  cost  r‘  obfa'^'ng  fmaricf-  a  'd  Puim-i'ic;  p  ants  E>ienn:cn  of  C;u  ^'mnia  pm-peny  tax  oxemp- 
tion  was  delayeef  into  199’  dunno  v/mch  one  ot  the  ir^vestcrs  puliecf  out  l-ow  energy  p*  ces  anc  •..ncertGin 
extension  of  tax  credits  subseejoentiy  prevented  ether  pofontiai  TTveslors  fro''n  entering  a*  d  uTimdiOfy  con¬ 


tributed  to  t^e  bankruptcy  of 


h-uh  Tne  plan' 


joeroy  pr  cos  anc  i.nceriuin 
entering  af  d  uitimaieiy  con- 
noerated  -..ncier  sep.icile 


Operating  conpa'^  es 

Thus,  federal  and  state  po  cy  crf;ato( 
tnermai  eiectnc  generation  Pul  were  free 
ciaily  v  dOle  tec’^nciogy 


the  ccnd'ticps  "^ecessaw  to  :a.;’'Ch  ccM'-'merc  ai^zal  cn  of  solar 
wrhorawr;  /ndependeniv  of  me  neucs  of  cove  op  n=g  a  cemrnor- 


As  iitu’e  iro  'U 

SOURCES  -Oixo'  Barren 

Report  SAN  09  h  m  up  A  .-f ' :  X: ,  * 

A  Case  Study '  Today.  January  F-'hi 
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TABLE  6-5:  Full  Fuel-Cycle  Taxes 


Location 

west 

540 

0.16 

108 

1.24 

east 

... 

0.06 

1.27 

1  33 

Gas 

west 

4.36 

0.16 

0.54 

070 

east 

3.52 

0.07 

0.44 

051 

Renewable  energy  technologies 

t 

Biornass 

west 

6.01 

0.39 

1.08 

1  47 

east 

4,69 

0.52 

1.00 

1  51 

Hydro 

wesl^ 

13.43 

0.00 

3.84 

3.84 

east 

907  . 

. "'boo' 

208 

208 

Solar  ibermal 

west^ 

14.33 

. . b.oo' 

1.68 

168 

east 

16.06 

. . 0.6b ' 

3.05 

3.05 

'Wind 

wesi^ 

6.16 

"doo" 

1.28 

1.28 

east 

’  ’"5.55 

o'.bo 

i.ii 

1.11 

Renewable  energy  technologies 

I 

with  the  renewable  electricity  pro¬ 

duction  credit  (REPC)'^ 

_ L- 

Biomass/REPC 

west 

475 

0.39 

033 

0.72 

east  - 

3.44 

0.52 

d25 

0.77 

Wnd/REPC 

wesl^ 

4.91 

_  0.00 

0"'49 

0.49 

east 

404 

000- 

023 

023 

L 

^The  hydro  v/est  p'ani  had  an  t»y.fer/;or\'»i!y  capTai  cost  n  data  provided  by  the  utility,  which  led  to  the  high  tevei  zed  cost  o1  energy  and  higner 
taxes  listed  here 


'^The  solar  thofmai  west  plant  dons  rot  fi'C‘vde  natural  gas  cotinng.  the  solar  thermal  east  plant  is  tor  a  natura;  gas  hybrid 
<^The  original  utility-provided  data  for  the  wmct  west  case  was  sigriticar^tiy  outdated.  Consequently  the  values  presented  here  are  updated  with  cur¬ 
rent  cost  data 

“^The  difference  m  taxes  between  the  no-RCPC  and  with-REPC  cases  is  not  the  same  as  the  difference  tn  the  levelized  cost  of  eiectr  cily  The  cause  Of 
th,s  IS  that  the  regulated  utility  receives  a  fixed  rate  of  return;  providing  a  tax  credit  reduces  the  overall  revenue  requirement  and  the  cost  of  eiectnc.ty 
even  more 

NOTES.  This  analysis  si’ould  tie  corisidered  preliminary  Values  I'Sted  are  based  on  utility-provided  data  and  may  vary  Significantly  from  other  proj¬ 
ects  Por  details  of  the  assumied  paranetei  s  see  rabie  source.  Values  have  been  rounded  off  to  two  decima'  places  Fuel  costs  include  stale  fuel 
taxes,  and  embedded  *^vn:ng  jind  trairsport  laxrrs  directly  on  the  corporation  as  v;e!!  as  on  capital  and  labor  income  Plant  taxes  -nctude  federal  and 
state  income  taxes,  state  sales  taxes  ancf  jiroperty  taxes  directly  on  the  corporation  and  on  capital  and  labor  income 

SOURCE  Dallas  Burtraw-andPaiiavi  R  Shat':  FiscaiEffectsof  Electnc  ty  Gerieration  Technology  Choice:  A  Full  Fuel  Cycle  Analysis  ’  report  prepared 
for  the  Off  ice  of  Technr/O’jy  Assessniei't.  J.uie 


the  powerplant  either  directly  or  as  embedded 
taxes  on,  for  example,  labor.  Second,  RETs  gener¬ 
ally  face  somewhat  higher  taxes  per  kWh  of  elec¬ 
tricity  generated  than  either  coal  or  gas,,  if  the 
benefits  of  the  REPC^for  wind  and  closed-loop 
biomass  arc  not  included.  With  the  REPC.  taxes 


for  closed-loop  biomass  and  wind  are  reduced  to 
levels  in  the  range  of  those  now  enjoyed  by  natural 
gas  (see  table  6-5).  The  REPC,  however,  is  sched¬ 
uled  to  end  in  1999,  after  which  facilities  will 
again  face  higher  taxes.  Renewable  such  as  hydro 
and  solar  thermal  also  face  much  higher  taxes  per 


^ 'There  arc  no  AMT  limitations  in  these  cases. 
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kWh  than  coal  or  natural  gas  in  some  cases.  (Pho- 
tovoltaics  would  face  much  higher  taxes  than  con¬ 
ventional  systems  as  well,  but  were  not  modeled 
here.  )  Third,  there  is  considerable  variation  be¬ 
tween  the  eastern  and  western  cases  in  individual 
tax  components  and  the  overall  tax  rate,  and  be¬ 
tween  particular  technologies. 

DIRECT  AND  INDIRECT  SUBSIDIES 

Two  recent  studies  of  direct  and  indirect  federal 
and  state  subsidies  of  the  energy  industry  are  sum¬ 
marized  in  table  b-b.^'^The  studies  agree  on  most 
subsidies.  Many  of  the  disagi cements  result 

from  differences  in  defining  a  “subsidy,”  as  noted 
in  table  6-6.  Subsidies  may  influence  the  choice 
of  generation  technology  in  the  short  term  and 
over  the  long  term.^' 

The  direct  and  indirect  federal  supports  across 
all  energy  systems,  including  electricity,  may  total 
somewhere  between  $10  billion  to  $20  billion  per 
year.  On  a  unit  energy  basis  these  levels  of  support 
may  make  a  difference  in  the  choice  of  technology 
only  within  a  narrow  range  of  costs.  For  example, 
the  Alliance  To  Save  Energy  estimates  that  about 
60  percent  of  their  total  listed  in  table  6-6  goes  to 
the  electricity  sector  or — assuming  a  median  val¬ 
ue  of  $20  billion — roughly  $12  billion.  Dividing 
by  the  2.8  trillion  kWh  generated  in  1992'' gives  a 


total  of  about  0.40/kWh.  '^or  about  10  percent  or 
less  of  the  cost  of  electricity  generated  by  new  gas 
and  coal  units  (see  table  6-5  ).  This  subs  id)  may  af¬ 
fect  the  choice  of  generation  technology  within 
this  narrow  band  of  costs,  but  will  probably  not 
have  much  direct  impact  on  the  choice  of  technol¬ 
ogies  that  are  outside  this  range. 

The  single-year  snapshot  of  supports  shoun  in 
table  6-6  does  not  reflect  the  historical  importance 
of  such  supports  in  creating  an  industry  over  time. 
It  also  ignores  the  high  leverage  that  RD&D-spc- 
ciFc  supports  can  have  on  technological  develop- 
mt-mt.  Such  supports  have  a  cumulati^  '  impact, 
encouraging  a  host  of  private  as  well  as  other  pub¬ 
lic  investment  and  contributing  to  a  cycle  of  in¬ 
creasing  performance  and  decreasing  unit  costs. 
This  strengthens  a  technology’s  competitive  ad¬ 
vantage,  Cumulative  direct  supports  for  conven¬ 
tional  energy  technologies  ai*e  in  the  hundreds  of 
billions  of  dollars  "Over  time  this  has  had  and 
could  continue  to  have  a  substantial  influence  on 
the  course  of  the  energy  industry. 

RISK  AND  UNCERTAINTY 

There  are  many  risks  and  uncertainties  in  power- 
plant  finance,  construction,  and  operation.  Some 
of  these  are  explicitly  considered  as  part  of  the 
powerplant  financing  process  and  arc  incorpo- 


'^l/.S.Dt'paj1fncril  of  liners y.  Tner^y  [n  forniation  Adininistraiion.  F'fcien;!  f''nLW\{^y  .Suh\i!{u's:  Direct  umi  huhra  /  huerx  cniKins  }'.ncru.\' 
A/iirU'fA.  Report  SR  P.MtU)  92-02  (Washington,  DC:  November  I992):  and  Douglas  N.  Koplo'A.  rmnoti- 

mcnial.and  f-'isnil  fmpoa.si  Washington.  DC:  Al  I  ianceTo  Save  Energy,  April  I993).  Earlier  re  p(m  sin  chide  RadellePiicincNorthsccsi  Labora¬ 
tory,  An  AfUilwMxof  f  'ederd}  lr,rrn!i\{‘s  I  ‘seal  To Stitnulatfi  Enerj^y  Producfion.  PN’L-24lO  RI-.V  l  I  (  Richland.  W’ A  bcbniais  1982). 

'‘■"Note  hem  [hat  d]  fferent  base  years  arc  used. 

^■^nicre  i ;;  much  debaie  as  L\\  herher  acccleraied  depreciation  i  s  a  subsidy.  Regardless  of  how  1 1  is  defined.  1 1  doe^  reprusont  a  large  la\ 
expenditure.  Section  3015  of  EPACT  directed  the  National  Academy  of  .Sciences  to  iinaiy  /.e  energy  subsidies,  but  action  ha?,  been  del. is  ».’iLind 
ahem  atis  e  effons  arc  being  consirlercd.  This  work  w  il  1  hopefully  reso!\  e  some  of  these  lingering  differences. 

4;  whether  particular  factor  is  defined  to  be  a  subsidy  is  not  of  concern  here. 

■*'l.LSDopartnic*rit«>f  Administration,  Annua!  Enerf^y  /992^  Report  DOE  El  A-(l.^K4{92iaVashington. 

DC:  June  1993). 

■^^This  miiY  be  substamialK  more  significant  if.  in  fact,  most  of  the  subsidy  goe.s  to  a  narrow  set  of  fnclcsclesor  If  the  particular  hiel  c\  cle 
supported  has  captured  little  of  the  market . such  as  the  embryonic  phouwol  laics  industry-.  In  fact,  how  ever,  most  of  this  support  gvx's  to  con¬ 

ventional  fossi  I  and  nuclear  fuel  eye  les  which  generate  most  of  the  power.  Consequently,  thisi  sa  uMsnn:iblcaVL*r:igc-‘.aIuetorihcdisoussuni 
here,  without  resorting  to  differentiating  the  specific  fuel  cycles  to  which  funding  is  applied, 

c.xamplc.  one  deiailed  anak  sis  found  direct  supports  alone  for  coal,  oil,  natural  gas.  nucleai*,  and  clcclrioitv  i<^  bc‘  S44i.>  hillion  ‘  I 
between  lOlHand  I97H  See  Hattclle  Pacific  Northwest  Laboratory,  op.  cit.,  footnote  .^K. 
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rated  in  the  cost  of  capital  and  various  financial  ar¬ 
rangements.  These  include  the  risks  of  not 
completing  constmct  ion  on  time  or  on  budget,  and 
poor  technological  performance.  These  arc  con¬ 
sidered  in  the  financial  packages  negotiated  by 
NUGs  and  affect  their  access  to  and  cost  capi¬ 
tal  .“For  utilities,  cost  overruns  may  not  he  recov¬ 
ered  if  the  investment  is  not  deemed  prudent  and 
can  affect  their  cost  of  capital. 

Certain  other  risks  and  uncertainties,  however, 
may  not  be  fully  considered  in  utility  planning  or 
electricity  costs.  These  include  the  risk  of  fuel  cost 
increases,  which  arc  largely  passed  through  to 
ratepayers  by  fuel  adjustment  clauses;^ long¬ 
term  liabilities  for  waste  disposal  or  large-scale 
accidents;"”  and  the  risk  of  capacity  not  matching 
demands.  The  utility  planning  process  and  elec¬ 
tricity  markets  ean  be  distorted  in  favor  of  general  - 
ing  options  that  entail  risks  passed  directly  to 
ratepayers  and  taxpayers  rather  than  being  incor¬ 
porated  in  powerplant  planning  or  the  cost  of  gen¬ 
erated  electricity.  Conversely,  to  the  extent  that 
other  technologies — such  as  certain  RETs — are 
not  credited  for  their  ability  to  avoid  these  risks, 
the  planning  process  and  electricity  markets  can 
be  distorted  against  them. 

RETs  also  face  various  risks,  depending  on  the 
technology.  These  include  premature  technical 
failures  due  to  the  relative  immaturity  of  the 
technology,  day-to-day  variability  in  wind  find  so¬ 
lar  resources,  and  rare  but  significant  shortfalls  in 


resources  due  to  natural  disasters.  Technological 
risks  and  the  day-to-day  variability  of  the  renew¬ 
able  resource  arc  generally  fully  considered  in  the 
design,  construction,  and  financing  of  renewable 
energy  plants.  These  risks,  however,  are  generally 
bom  by  the  technology  developer  (if  a  NUG)  rath¬ 
er  than  being  passed  through  to  the  ratepayer  or 
taxpayer. 

Rare  events  may  not  be  adequately  accounted 
for,  however.  For  example,  the  volcanic  eruption 
of  Mt.  Pinatubo  injected  large  quantities  of  sulfur 
dioxide  into  the  atmosphere,  reducing  beam  radi- 
tition  to  the  Earth.  Coupled  with  other  weather  ef¬ 
fects,  overall  power  production  from  the  solar 
trough  thermal  power-plants  at  Kramer  Junction  in 
southern  California  was  reduced  hy  30  percent  in 
the  winter  and  spring  of  1992.  Total  insolation  (di¬ 
rect  plus  diffuse)  such  as  would  be  used  by  non¬ 
concentrating  flat  plate  photovoltaics,  however, 
was  affected  much  less — declining  roughly  5  per¬ 
cent.  “El  Ninos  or  other  weather  events  may  simi  - 

larly  change  wind  paft^s  a|r^g^uce  &e  ou^ut 
of  wind  powerplants. 

ing  the  summer  of  1993  might  likewise  have  re¬ 
duced  the  harvesting  of  biomass  energy  crops. 
And,  of  course,  droughts  may  affect  hydropower 
plants  or  biomass  growth. 

Such  events  are  rare  and  the  maximum  impact 
in  these  cases  occurred  over  no  more  than  a  year  or 
so.  In  the  most  sensitive  cases,  they  r-educed  pow- 


‘‘‘‘I'or  ;i  detailed  diseii'ision.  '.ee  Kahn  and  Ciilbcri.  op.  t  il..  I'ootnoie  2:  Fxl'vard  l>  Kahn.  "Kisks  in  Independent  Power  Contracts:  An  Kinpiri- 
cal  Survey."  The  Klcrlricin  Joiirnol.  Ntivemlrer  I9‘.M.  pp.  .Mason  Willrieh  and  Walter  1...  Campbell.  "Risk  Allocation  in  Independent 

Power  .Supply  Coiuracls,"  The  EU-dneuy  Jnurnu!.  March  1992.  pp,  .14-6.^;  and  .Naill  and  Sharp,  op.  eil.,  footnote  ,>2. 

‘“'On  the  other  haml.  Ihiit  fuel  cost  risks  are  passetl  ihrou“h  may  lower  the  cost  of  eapiitil  to  utilities  somewhat,  in  pan  eornpensatine  for  this 
ri.sk. 

‘^'^Risks  of  nuclear  accidents  are  explicitly  ct»scred  under  the  F^rice- Anderson  Act.  See  table  b-b. 

Michalsky  ct  al..  "Conccniraiion  System  Performance  Degradation  in  the  Aftermath  of  Mtjunl  Pinaiubo.'*  presented  at  the  1 993  Annu¬ 
al  Conference  of  the  American  Solar  Imevgy  Society.  Washington,  OC\  Apr.  25-28.  1993;  J.J.  Michalsky  ct  al.. ‘'Mourn  Pinatubo  and  Solar  Pow¬ 
er  Plants.*'  iiohir  7h(/in\  July/August  1993.  pp.  2 1-22;  and  Roland  I Udsirom.  National  Renewable  F:ncr«y  I.aboraiory.  pcrstmal  ccrntmunication, 
April  1993. 

^'\Scc,  c.g..  Cutter  Information  Corp.,  "F^inaiubo.  Weird  Weather  Challenges  California's  Wind  and  Solar  Thermal  Electric  Industries."  AVi- 
erev.  F.amomics.  ami  Cimaic  ('/uin.ee.  July  1992,  ])p.  2-.*^.  Very  few  prospective  windpower  sites  have  sufllcicni  detailed  data  to  evaluate  such 
variations.  For  a  discus.sion.  see  R.W.  liaker  el  al..  "Annual  and  Seasonal  Variations  in  Mean  Wind  Speed  and  Wind  Turbine  fmergy  Produc¬ 
tion. "  Simir  liaor^y,  \oi.  45.  No.  5,  1990.  pp.  2X5-289. 
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cr  output  by  just  30  percent  over  n  few  months.  If 
long-term  climate  change  due  to  the  use  of  fossil 
fuels  occurs,  however,  these  shil’ts  in  weather  pat¬ 
terns  could  persist  and  iiitcrfcre  with  the  operation 
of  RE1  s  U>calcd  according  to  current  weather  pat¬ 
terns.  In  contrast,  fossil  fuel  prices  have  varied 
much  more — by  rouglily  three  to  eight  times-''^^  in 
real  terms  over  the  past  three  decades — than  re¬ 
newable  resource  availability,  and  price  increases 
can  remain  for  years. 

Techniques  developed  for  analyzing  the  value 
of  risks  in  llnaneial  markets  are  now  being  applied 
to  evaluate  risks  in  the  electricity  seetnr.  Develop¬ 
ing  such  analytical  tools  wouid  help  determine 
how  RETs  should  he  valued  compared  with  con¬ 
ventional  technologies. 

I  Fuel  Cost  Risks 

Fuel  costs  will  continue  to  be  variable/' Gas 
prices  may  be  strongly  influenced  in  coming  years 
if  there  is  an  economy  wiclc-electric  utilities,  in¬ 
dustry,  buildings,  transport— move  toward  gas  as 


a  clean  fuel.  Fossil  fuel  costs  might  also  be  af¬ 
fected  should  certain  cnvironmcniai  taxes — such 
as  on  carbon  emissions — be  established. 

The  C:apiial  Asset  Pricing  Model  (CAPM)*'^- 
has  been  the  principal  analyficat  tool  considered 
for  determining  the  value  of  the  risk  of  fuel  cost 
variability.-'' '  It  guides  the  selection  of  a  diversi¬ 
fied  portfolio  which  reduces  risks.  While  the  ap¬ 
plication  of  CAPM  to  fuel  cost  risks  is  intriguing, 
it  may  require  a  stronger  analytical  foundation  if  it 
is  to  provide  detailed  quantitative  guidance. 
Other  techniques  being  examined  inelude  options 
V  iluatioiv^'''  and  arbitrage  pricing  theory.*'''  Fuel 
Cv)st  risks  may  become  iniporiani  in  the  future,  but 
additional  work  is  needed  on  the  analytical  tools 
to  value  these  various  risks. 

I  Liability  Risks 

Althougli  explicit  lial.)i}iiy-roiated  policies  (such 
as  the  Ih'Lcc-Andcrson  Act)  provide  important 
benefits  to  their  respective  industries,  there  are 
many  other  nahiiiiies  that  may  l>e  implicitly  as- 


h:is  variiM  fron)  oOc'MMfhu  (million  Htu)  u.  lo  MMBlu  U)  ;>il  has  vaiicd  I?oin  SI iii  lo 

S6.‘.>4'MMHui  in  i ,  and nauual  vanc-t!  t'rom  iOvvAlVUim in  lo S:>,oS  MMIUii  m  '\h'.<  iimaiv-N rho  impaii  ol  various  roiui- 

ian>i\  aiul  pn<.r  i  onirnl-v.  S<.\’  taiofiiv  tfinn.ition  Adminislralii'n.  op.  i  ii,.  litolnoic  >1? 

oil  is  now  list'd  in  the  eletirieiiv  si'ena.  s,)  t]\it:ni.t(ions  in  its  jukO  are  til  le-.s  direet  iii-eiC';. 

'‘t'.iiist  B  licrndl.  ihc  tuc  itf  iU  i>nf>nuinc\:  r  .  i  Readme,  MA  A.ddisj'nX'^esk'v  I’uolistiinst  (.  o,.  nsi’  e,  and 

kiehard  A  Hivalev  .md  Stcwari  ( Myers,  f  'nfu  ('t/rr^ormr  Fi/attn  i .  4lh  lal.  i  N\ov  York  N  ^  Met  Irau  1  hi),  me.,  1 9^' ; ,» 

^’Shimon  .‘VAerhuth.  "kisk  Ac)jusied  IRIV  ll  s  taisy.  presenletl  .il  itu’  N-'.Kt  C  -l)Ol‘  l  itth  N.ilio:\;i!  (  tmleivo^ o  i'ii  liueeiated  Kesoutie 
klanninv?.  Kalisivll.  MO,  April  I994.  Shimon  A\vcrl>5ieh  '’New  lUility  Tlnnkiriy  (  reales  (jpportniimos  tor  Solar  V.wcxy,):'  SnUtr  hxdus^rv  Jour 
tuil.  3rd  quarter.  1992.  pp.  21-76;  Shimon  Awerbm.h.  "Teslniiofiy  tieton?  die  lYihlie  lalhties  ( ’uiiimiss:ort.  Stale  of  C'<ilor;uU>,''  nockei  No 
9!K  -64:r:(;.  reh.  :  4.  1992;  Sh-imon  Awerhueh.  -.Measuiinp  iheC  o^Jsol  {^iK>ti‘vo}taies  ir.  an  )■  leedx  l  iiitiy  Pian.'dne  l-raMte^vork/'/Yoe^v.v'.  n; 
Fh{>tn\ftf{(iirs.  voJ  < .  No.  April  i9‘.»3.  pp.  164. 

^'•‘hor  rcvtewv  ot  some  of  the  analyiieal  difrieuUios  of  the  CAPM  model.  es|Ka.tal!y  when  diseoum  mk-N  are  neee.Uve.  see.  c.y..  William  I.. 
Beedles.  “I  .vaUtalms*  Neuaiive  HenefUs,  nj  t'inufu  Utl  atui  (jmsntihifi',  t'  Aauiyst^ .  voi.  t.',  )97S.  pp.  :  !7t>;  R.li.  Ueriv  and  R.O. 
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4?.7-4.Vj,  Mo.shc  Ben-Hurim  and  Nuiayana''W;jmy  Sivakurnar.  't’valuaiinp  Capital  Iu\  e'^imenl  nrf.jeets.  /a;;  an.f  {h  i  ision  /•.<  Y.‘/;r;/n 

a  .V  voi.  9.  ]9KS.  pp.  263-26S.  Tunoihy  J.  (Jaliajilier  and  J.  KeiU'-^n  /umwali.  "Risk'.Xdjtistcd  I  nseo.mn  R  nes."  The  Firuitu  Ini  Rr-u  u.  voi.  36. 
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sumed  by  taxpayers  but  are  largely  unrecognized. 
These  include  the  potential  liabilities  from  site 
contamination  and  the  associated  cleanup  Costs." 

Since  these  concerns  affect  conventional  fossil 
and  nuclear  fuel  cycles  to  a  much  greater  extent 
than  most  RETs.  taking  them  into  account  could 
benefit  RETs  when  energy  technology  choices  are 
made. 

I  Demand  Risks 

Demand  risk  is  that  associated!,  with  constructing  a 
powerplant  that  turns  out  to  be  unnecessary  for  a 
long  time  after  completion  due  to  slower  than  pro¬ 
jected  demand  growth.  This  risk  is  particularly 
significant  when  constructing  large,  long  lead- 
time  powerplants.  Unless  the  investment  is 
deemed  imprudent,  the  costs  to  the  utility  (even  if 
the  plant  is  built  by  a  NUG)  are  largely  passed 
through  to  ratepayers. 

A  variety  of  analytical  methods  are  being  de¬ 
veloped  to  determine  the  value  of  demand  risks. 
Of  these,  options  valuation  appears  to  be  one  of 
the  best  suited  at  this  time.'"*^^'"^  leading  utility 
executives  expect  it  to  be  an  important  planning 
tool/'"  Options  valuation  is  an  analytical  tech¬ 
nique  used  to  value  the  costs  and  benefit  of  wait¬ 


ing  to  make  a  large  irreversible  investment. 
During  the  delay,  additional  information  on  the 
need  for  capacity  expansion,  fuel  costs,  technolo¬ 
gy  performance,  and  other  important  variables 
may  change  the  economics  of  a  particular  choice. 

Including  these  costs  may  significantly  alter 
the  choice  of  generation  technology.  RETs  benefit 
from  such  considerations  as  they  tend  to  be  small, 
modular,  and  quickly  installed.  They  can  therefore 
be  added  as  needed  to  meet  demand  growth. 

Conventional  technologies  and  strategies  are 
also  being  adapted  to  such  demand  risks.  For  ex¬ 
ample,  gas  turbines  tend  to  be  relatively  small 
(100  MW),  modular,  and  quickly  installed.  Fur¬ 
ther,  construction  can  be  phased,  in  which  a  sim¬ 
ple-cycle  gas  turbine  is  first  installed,  followed  by 
construction  of  a  combined-cycle  system  as  de¬ 
mand  grows.  Ultimately,  an  integrated  gasifica¬ 
tion  system  may  be  added  so  that  low-cost  coal  or 
biomass  can  be  used. 

ENVIRONMENTAL  COSTS  AND  BENEFITS 

Crediting  the  environmental  benefits  of  RETs 
compared  to  fossil  fuels  in  energy  planning  and 
pricing  could  better  reflect  some  advantages  of 
RETs  compared  to  fossil  fuels.  Recent  efforts  to 


^’^ForcxampICarcporibviheSiibcommitteeonOversjghtand  Investigations.  House  Committee  on  Natural  Resource\  found  that  tens  of 
thousands  of  sites— including  mine  sites. oil  and  gas  wells,  and  waste  disposal  sites  (many  not  energy  -related)— do  not  now  comply  wiihenv  I- 
ronmcntalstiindardsand  may  be  contaminating  surface  and^'or  groundwater.  The  federal  government  may  carry  the  risk  of  cleanup  if  the  opera¬ 
tor  defaults  or  declares  bankruptcy.  U.S.  Congress,  House  of  Representatives,  Committee  on  Natural  Resources,  Subcommittee  on  Oversight 
and  Investigations.  “Deep  Pockets:  Taxpayer  Liability  for  Environmental  Contamination,”  Majority  Staff  Report,  July  1993. 

"^For  demand- ’'Do  Utility  DSM  Programs  Increase  Risk’?  "  Electricity  Journal. M‘dy  1993,  pp.  24-3  1;  and 
Eric  Hirst,  “’Flexibility  Benefits  of  Demand-Side  Programs  in  Electric  Utility  Planning,”  The  Energy  Journai,\'o\.  11,  No.  1,  January  1990.  For 
suppiy-sideappli  cations,  see  Enrique  O.  Crousillai.  World  Bank,  “Incorporating  Risk  and  Uncertainty  in  Power  System  Planning,”  Industry  and 
Energs  Department  Working  Paper,  Energy  Series  Paper  No.  17,  June  1989;  Enrique Crousi Hat  and  Spires  Marizoukos.  World  Bank,  “Decision 
Making  Under  Uncertainty:  An  Option  V’aluaiion  Approach  to  Power  Planning.”  Industry  and  Energy  Department  Working  Paper,  Energy  Se¬ 
ries  Paper  No.  39,  August  1991. 

•"^•■Nc«F.nalandt:iectricCEOCallsforC()nipeiitive  Measures,  Environmental  Edge,"  /.:u,,„icP,mcr  Alen.Jan.  5,  1994,  p.  26, 
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TABLE  6-7:  Estimates  of  the  Value  of  Environmental  Externalities  for  the  Electricity  Sector  (1 989  $/lb) 
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Assoc^aiec  wiir  o'  Eossii  Eje  s  "  LBL-283t3.  Ju  y  1990  lo'  Q.nai  scjrces  arc  Cfteo  t'  ;l';2  repO! i  ■  and  R  or  (iro  l  t :  .  - 

rnenra/ Ccsfs  o/f'ec'rory  i  New  York  NY  Ocear  a  F-b  cat  O'^s  199C.- 

quantify  some  of  these  environmental  costs  (see 
table  6-7)  have  been  examined  by  OTA  in  a  sepa¬ 
rate  report/"^ 

Some  25  states  now  consider  environmental 
costs  in  their  electricity  sector  planning  and  opera¬ 
tions  either  qualitatively  or  quantitatively,  and 
other  states  are  considering  doing  So/‘  At  the  fed¬ 
eral  level,  section  808  of  the  Clean  Air  Act 
Amendments  of  1990  requires  the  Federal  Energy 
Regulatory  Commission  and  the  Environmental 
Protection  Agency  to  quantify  and  report  to  Con¬ 
gress  the  net  environment]  benefits  of  RETs 

compared  to  nonrenewable  ^  ergy  and  to  model 
regulations  for  incorporating  such  benefits  in  the 
regulatory  treatment  of  RETs/' 


Federal  policy  has  established  minimum  stan¬ 
dards  to  protect  species  and  ecosystems.  Recently, 
interest  has  developed  in  the  use  of  market  mecha¬ 
nisms  to  most  efficiently  allocate  resources  to 
meet  these  standards,  even  creating  mtirkcts — 
such  as  SOx  tradeable  emissions  permits  under  tht 
Clean  Air  Act  Amendments  of  1990— where  nec¬ 
essary.  Such  approaches  may  also  be  applicable  to 
other  environmental  costs  associated  with  energy 
use. 

Global  warming,  however,  presents  additional 
difficulties.  Although  there  is  growing  scientific 
consensus  that  global  warming  will  occur,  it  is  not 
known  with  precision  when  the  impacts  will  oc¬ 
cur,  what  form  they  will  take,  or  how  they  will  be 


These ’'^''UC'^iireCxplctredseparaicK  in  a  background  repon  done  within  ihisa.vscssincniof  RET\  U.S.  Congress.  OITice  of  Techiu^l^ -l-\ 
Assessment.  Stuiliesa/ihc  En\  ir(mnwn}alCosi.s  of  Elcciridty. OTA-  ETI  -  i  34  (Washington.  DC:  U.S.  GovernmentPriniing  Offtcc.Scptendx-? 
1994).  Sec  also;  Oak  Ridge  National  Laboratory' and  Resources  for  the  Future,  ‘’U.S.-F('['uclCycleStudy  Background  Documents  the  Ap- 
prcjach  and  Issues."  OR.NL  November  1992;  D.E.  Jones.  Environmental  Extertuilntes:  An  Over\  te^<i  of  Thcor\  and  Prac  .ocUd’RI 

CU  EN-7294  (  Palo  Aito.  C  A,  Electric  Posver  Research  Institute,  May  199  I );  Richard  L.  Oitinger  cl  al..  Em  inmmenta!  Costs  of  EU  rtneit  ^  f  New 
York,  NY.  Oceana l>ubiicaiions. Inc..  1990); OiavHohmc>cr,5m7a/Co.vrsf»yCmTi;.vO)/n/mj/m>m  fA/ew  York.NY:Springer-Verlag.  198X}.  J, 
Koomey.  Lawrence  Berkeley  Laboratory,  .’Comparative  .\nalysis  of  Monetary  Esiimaicsof  H\iernal  Environmental  Costs  Associated  wiih 
Combustion  of  Fossil  Fuel\,”LBL*283  13,  July  1990;  and  .Andrew  Stirling,  "Rcgulaling  the  Hieciriciiy  Supply  industry  bv  Valuing  En^  iron 
mental  Effects  How  Much  Is  the  Emperor  Retiring’)”  FiUure.v.  December  1992,  pp.  }()24- iiM7 
^Office  of  Technology  Assessment,  ibid. 

^'^Sec.  e.u..  Federal  Energy  Regulatory  Commission. Report  (m Seanm  .SY/iS:  Renew ahic Encr^^y anti  f.nergvC  onserx  aiion {ncenin  t\of  tiie 
Clean  Air  Act  Amendmenis  of  J  ^90  (  Washington.  DC:  December  1 992.i:  and  Mar-k  Chupka  and  Da\  id  Howanh.  Rrm-w  ahle  Eledm-  Cu  m  nt 
lion:  An  AXsessmeni  of  Air  RoUution  Prevention  Poieniial  (Washington.  DC,  U.S.  Environmental  Protection  Agency.March  1992). 
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distributed  at  the  local  and  regional  level.  Global 
warming  thus  represents  the  kind  of  environmen¬ 
tal  externality  that  policy  makers  are  least  able  to 
deal  with:  it  is  very  long  term — occurring  over 
many  decades  to  hundreds  of  years;  the  impact  is 
very  uncertain  even  though  potentially  severe; 
and  it  involves  things  that  are  difficult  to  value, 
such  as  the  survival  of  particular  species. 

For  the  most  part,  RETs  are  benign  environ¬ 
mentally.  In  particular,  their  operation  does  not 
emit  regulated  pollutants  or  greenhouse  gases. 
Development  of  RETs  might  be  viewed  as  a  low- 
cost  policy  against  serious  environmental  uncer¬ 
tainties,  especially  since  many  RET  applications 
will  also  be  economically  beneficial. 

APPROACHES  TO 
COMMERCIALIZING  RETS 

A  variety  of  supports  has  been  provided  over  the 
past  two  decades  to  accelerate  commercial  adop¬ 
tion  of  RETs.  These  have  contributed  to  the  rela¬ 
tively  rapid  increase  in  the  use  of  certain 
technologies  such  as  biomass,  geothermal,  and 
wind  (see  box  6-2).  Federal  commercialization 
supports  for  RETs  currently  include  accelerated 
depreciation,  investment  tax  credits,  and  the 
REPC.  These  are  summarized  in  table  6-1.  These 
supports  can  help  relatively  mature  technologies, 
but  have  much  less  impact  on  the  commercializa¬ 
tion  of  technologies  that  are  higher  cost.  Even 
with  these  supports,  RETs  are  not  expected  to 
make  a  major  contribution  to  U.S.  electricity  sup¬ 
plied  in  the  next  two  decades  if  present  trends  con¬ 
tinue.  For  example,  the  Energy  Information 
Administration  projects  RET  electricity  genera¬ 
tion  will  increase  from  1 1  percent  of  the  total  in 
1990  to  13  percent  in  2010  (see  chapter  1  ).^'If 
commercialization  of  RETs  is  a  goal,  the  follow¬ 


ing  steps  could  help  deal  with  some  of  the  chal¬ 
lenges  discussed  above. 

Competitive  bidding  and 
green  competitive  set-asides 

As  generation  markets  continue  to  open,  competi¬ 
tive  bidding  is  likely  to  play  a  more  important  role 
in  these  markets.  As  currently  practiced,  however, 
bid  selection  criteria  may  not  fully  credit  some  of 
the  benefits  of  renewable.  All-source  bidding 
selection  criteria  could  be  modified  to  value  more 
carefully  such  factors  as  the  risk  of  fuel  cost  in¬ 
creases  and  environmental  impact. 

In  evaluating  some  of  these  factors,  however,  it 
may  not  be  possible  to  assign  precise  values  that 
are  widely  accepted,  or  to  design  a  single  set  of  all¬ 
source  bidding  selection  criteria  that  fairly  cons  id- 
ers  all  technologies.  It  may  therefore  be  preferable 
for  utilities  to  solicit  bids  specifically  for  certain 
technologies. 

Such  technology-specific  set-asides  could  be 
designed  to  provide  an  increasing  market  demand 
for  each  set  of  technologies  over  a  period  of  years, 
providing  developers  a  more  certain  market  and 
allowing  them  to  scale  up  manufacturing  and  re¬ 
duce  prices.  The  growth  in  such  set-aside  capacity 
could  be  chosen  to  bring  a  particular  RET  down  its 
cost  curve  to  a  fully  competitive  market  position. 
It  would  be  necessary  to  ensure  that  such  technol¬ 
ogy  and  manufacturing  improvements  and  price 
reductions  actually  occurred,  however,  and  that 
the  set-aside  did  not  simply  provide  higher  mar¬ 
gins  to  manufacturers.  is  also  necessary  to  en' 
sure  that  utilities  are  not  encumbered  with  a  large 
number  of  high-cost  contracts,  especially  if  retail 
wheeling  is  introduced.  Thus,  technology-specif¬ 
ic  set-asides  can  support  commercialization  of 
even  less  mature  RETs  without  excessively  bur- 


f>\Scc,e.2..  U.S,  Congress,  Office  of  Technology  Assessment,  Preparing  for  anUncerrain  OTA-0-567,  OTA-0-568  (Washington, 

DC:  U.S.  Oovcninicnt  Printing  Office,  October  1993). 

•’■‘The  combustion  of  biomass  docs  release  carbon  dioxide,  but  that  is  balanced  by  the  uptake  of  growing  plants.  Thus,  the  full  biomass  cycle 
can  be  operated  on  a  sustainable  basis. 

docs  represent,  however,  an  increase  in  nonhydro  generation  from  roughly  50  billion  kWh  in  1990  to  170  billion  kWh  in  2010. 
66  Donald  w,  Aiikcn, ‘‘Sustained  Orderly  Development,”  Solar  Today.  May/June  1992,  pp.  20-22. 
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dcning  ratepayers  and  utilities.  Both  will  benetit 
in  the  long  term  as  RETs  become  fully  competi¬ 
tive. 

Technology-specific  set-asides  could  also  pro¬ 
vide  experience  (o  regulators  and  utilities  in  pre¬ 
paring/evaluating  future  proposals  and  bids  for 
renewables  and  would  help  balance  their  long  ex¬ 
perience  and  comfortable  familiarity  with  con¬ 
ventional  systems.  It  would  also  offer  developers 
and  utilities  alike  the  opportunity  to  train  person¬ 
nel  and  to  establish  effective  regimens  of  commu¬ 
nication  and  interconnection  supports. 

There  arc  several  initial  efforts  with  competi¬ 
tive  sci-asides.  California,  for  example,  has  man¬ 
dated  renewable  energy  capacity  purchases  by 
utilities.  Teclinologics,  however,  are  not  specified 
and  this  initiative  is  not  likely  to  provide  support 
for  less  mature  technologies.  The  bidding  and  bid 
.selection  processes  have  also  been  controversial 
and  the  future  of  the  program  is  in  doubt.^'*^  The 
New  England  Electric  System  made  a  ‘'green  re¬ 
quest  for  proposals"  in  1993.  but  all  seven  of  the 
selected  bids  were  rejected  by  the  Rhode  Island 
Public  Utilities  Commission  (PUC)  in  April  1994 
as  too  expensive/''^  Nevertheless,  various  options 
to  move  this  program  forward  are  being  consid¬ 
ered.  Other  competitive  set-asides  for  RETs 
include  those  by  the  Bonneville  Power  Adminis¬ 
tration  and  the  New  York  State  Energy  Plan.^''^ 

Congress  could  consider  directing  the  Depart¬ 
ment  of  Energy  to  work  w’ith  the  stales  i..  establish 
appropriate  levels  of  tcrhnology-spccific  set- 
asides  for  RETs.  This  could  be  done  first  as  pilot 
projects  and  then  on  a  larger  scale — coordinated 
on  a  national  basis — in  order  to  best  capture  fuel 


diversity  and  environmental  benefits  while  sup¬ 
porting  the  manufacturing  scaleup  of  their  respec¬ 
tive  industries  and  thus  reduce  costs  as  rapidly  and 
efficiently  as  [)ossiblc. 

Green  pricing 

Green  pricing''^  proposals  to  support  RETs  typi' 
cally  place  a  surcharge  of  perhaps  JO  percent  on 
the  monthly  iililiiy  bill  of  volumarily  participating 
customers.  Hie  Mircharge  funds  are  then  used  to 


""TI'iIn  approach  is  a  componeni  of  a  larger  strategy  that  has  become  kno^Mt  as  Svi^i.:iik*i‘  Oulcrlv  l)c\cl>ipoicin.  Wmi)  Recei'^es  Large 
Share  of  BRI'i:  Preiintinary  Bid  .Auction."  Wind  Emriiy  Weekly,  vol.  1 2.  Nti.  511.  Dec.  20.  pp.  | .  Vhv  set  aside  has  t\?en  called  into  ijucs- 
lion  by  the  California  Public  Utilities  Commission  (PUC)  and  the  Federal  Unergy  Kegulatorv  Coinmis  aornLLRCi.  Under  its  call  lo  investigate 
retail  vsheelins.  Pl'C  asked  the  legislature  to  explicitly  reconsider  the  requirement  placed  on  them  to  cstabiivh  sc;  aside^  lor  renewables.  In  a 
Febmars  draft  decision.  FFRC  ruled  that  California  cannot  set  asoided  costs  for  QIS  al>o\c  the  CiiM  of  an>  source  of  power,  including 
low-cost  purchases.  Tliis  decision  could  preclude  any  preferential  trcauncni  of  Rl-Ts. 

'■^Oaniel  Kaplan.  '  State  Regulator.  Renewables  Prtiponenis  C'lash."  TIu  Efuri:v  lhjd\  .Xpr.  ’  U  P-‘V4  p  ' 
d  or  details  on  those  and  other  programs,  see  Jan  Harnrin  and  Nanev  RaLk  t.  Nation.ii  ANsociaiioii  ol  Kegulatc.r>  I  ti!ii>  C  ommisNioners, 
■‘Iinesting  in  the  Future:  .\  Regulainr  s  Guide  to  Renewables."  February 

‘  •t)avid  Moskovit/.  "  'Green  Pricing';  Customer  Choice  Moves  Beyond  IRP."  'i'hc  Ua  irn  Jiun  nai  Ouuivr  Ido.',  pp.  42-:;U. 
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pay  the  difference  in  cost  between  the  renewables 
and  conventionai  utility  power.  This  provides 
greater  choice  to  consumers  and  fits  in  well  w'ith 
the  slnicturai  changes  now  taking  place  in  the 
electricity  sector.  Several  efforts  of  this  sort  have 
been  launched,  including  the  "PV  Pioneer”  pro¬ 
gram  by  the  Sacramento  Municipal  Utility  Dis¬ 
trict  W'ith  a  15-percent  price  premium  for  PVs,^' 
Public  Service  of  Colorado.^-  Traverse  City  Light 
&  Power,’^  and  a  progrtim  by  Southern  California 
Edison  (SCE). 

The  SCE  program  is  with  Kcnetech-U.S. 
Windpower,  Inc.  They  recently  announced  a  pre¬ 
liminary  agreement  for  500  MW  of  w'ind  power, 
the  first  250  MW  of  which  would  be  contingent  on 
sufficient  utility  customers  enrolling  in  a  green 
pricing  plan.^'*  'fhis  wind  capacity  would  fill 
about  60  percent  of  SCE’s  renewable  energy  pur¬ 
chases  mandated  under  the  California  renew'able 
energy  set-aside,  if  that  program  moves  forward. 

Green  pricing  is  attractive  because  it  is  volun¬ 
tary,  but  it  is  unlikely  to  achieve  the  level  of  .sup¬ 
port  for  RETs  that  set-asides  could.  In  addition, 
ratepayers  w'ho  volunteer  will  be  paying  for  the 
environmental  and  risk  benefits  gained  on  behalf 
of  everyone  in  the  region. 

Incentives  to  purchase  RETs 

Most  utilities  have  little  or  no  incentive  to  pur¬ 
chase  RETs  or  to  purchase  RET-generated  elec¬ 
tricity  from  NUGs  rather  than  conventional  fossil 
power:  whatever  source  of  power  is  used,  the  util¬ 
ity  earns  the  same  return.  Regulatory  changes  to 
allow  a  slightly  higher  rate  of  return  for  the  use  or 
pur-chase  of  reasonably  cost-effective  renewables 
would  provide  incentive  and  help  utilities  gain  ex¬ 
perience  with  RETs  while  reducing  fuel  cost  risks 


to  ratepayers  and  environmental  impact.’’ As  an 
example,  the  Wisconsin  Public  Service  Commis¬ 
sion  recently  granted  regulated  utili  ties  the  right  to 
provide  their  shareholders  an  additional  return  of 
0.750/kWh  for  power  generated  by  wind,  photo- 
voltaics.  or  solar  thermal  plants  over  20  years  for 
projects  brought  online  between  1993  and  1998.” 
Although  this  is  primarily  a  state  regulatory  issue, 
federal  policy  might  play  a  supporting  role. 

Although  they  appear  to  have  significant  po¬ 
tential  to  support  RETs,  these  strategies — ^green 
competitive  set-asides,  green  pricing,  or  stock¬ 
holder  incentives — arc  too  new  for  any  significant 
conclusions  to  be  drawn  as  to  their  effectiveness  in 
practice. 

Federal  taxes 

Current  federal  tax  incentives  for  RETs,  such  as 
accelerated  depreciation,  investment  tax  credits, 
and  pductlon  credits,  reduce  federal  tax  burdens 
on  RETs  depending  on  the  particular  incentives 
and  RET.  As  discussed  above,  however,  the  tax 
burden  per  kWh  on  many  RETs  remains  higher 
than  that  for  coal-  or  gas-powered  electricity  gen¬ 
eration.  For  wind  and  biomass,  which  are  compet¬ 
itive  or  near-competitive  with  fossil  systems,  tax 
incentives  may  have  a  significant  influence  on 
their  market  viability.  However,  the  REPC  of 
1.50/kWh  is  limited  to  facilities  in  operation  by 
1999,  which  does  not  allow  time  for  most  biomass 
systems,  with  their  3-  to  7-year  growth  cycles  (for 
woody  crops)  to  get  established. 

Tax  policy  has  had  a  significant  influence  on 
the  development  of  RETs  such  as  wind  (see  box 
6-2).  Government  incentives  intended  to  help  re¬ 
newables,  however,  have  also  on  occasion  had  the 
perverse  effect  of  hurting  them.  For  example,  un- 


■'.S.-icrantcnio  Muni  .'\mi.s  Vo  Uavu  .‘'0  ,MW  id' Phoiovotlau  s  on  System  by  2<XX),"  Khu  n  it  Vtiliiy  Week.  June  27.  1994,  pp.  16-17. 
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certainly  over  incentives  raises  risks  for  private 
developers  and  makes  financing  more  difficult,  as 
in  the  bankruptcy  of  the  largest  solar  thermal  com¬ 
pany  (see  box  6-3).  Ways  to  reduce  the  impact  of 
this  uncertainty  are  to  make  proposed  incentives 
retroactive  and  to  increase  their  duration. 

Front-loaded  capital  costs  of  RETs 

High  investment  costs  for  RKls  can  result  in  a 
NL'G  paying  as  much  or  more  for  debt  and  other 
costs  than  it  receives  from  Ihc  sale  of  its  power 
during  the  first  critical  years  of  a  project.  Ways  to 
miiigaie  this  pn^'Mem  might  include:  1)  innova¬ 
tive  financial  mcclianisnis  U)  redislribuie  loan  re¬ 
payments  over  the  project  liretinie  so  as  tt>  better 
meet  ilie  cash  How  constraints  ot  the  developer;  2) 
changes  in  the  schedule  for  energy  and  capacity 
paymenlsfi.e..  lo  front-load  payments):  3)  interest 
rate  buydowns  (in  which  public  eiuitics  provide  a 
one-shot  upfront  payment  of  interest  to  reduce  this 
front-loading):' '  and  4)  longer  contract  periods  to 
put  Nl'G  financing  on  a  more  level  basis  with  the 
financing  utilities  implicitly  receive  from  rate¬ 
payers. 

For  example,  the  senior  debt  of  some  recent 
NUG  projects  has  been  divided  into  two  separate 
components,  one  with  a  shorter  term  arid  a  vari  ¬ 
able  interest  rate,  the  other  with  a  longer  term  and 
a  fixed  iniercsi  rate.  Such  financing  structures 
have  arisen  because  banks  have  mcrcasingly  been 
unwilling  to  lend  for  periods  longer  than  1  .S  years, 
while  insurance  ctimpanics  and  other  institulionsS 
are  sometimes  willing  to  lend  for  terms  of  20  years 
or  more.  In  addition,  banks  and  other  institutions 
increasingly  prefer  to  diversify  their  portfolio  and 
prefer  to  not  undci  write  an  entire  project  alone. 
Such  mechamsms  may  allow  some  restructuring 
of  the  front- ioacLnl  cost  structure  of  RET  projects 
hut  also  ici.}iiirc  careful  negotiation  to  properly  al¬ 
locate  risk  among  the  participants,  particularly  for 


the  longer  term  debtholder.  A  detailed  analysis  is 
needed  of  mechanisms  lo  assist  development  of 
long-term  loans  for  RETs  through  private  capital 
markets.  There  may  be  a  federal  role  in  maich- 
nuikitig  andmr  leveraging  such  anangenicnls. 

Changing  coniraet  payment  schedules  to  better 
match  (lie  cash  flow  recjuireme/Us  of  RET  devel¬ 
opers  raises  the  risk  of  paying  in  advance  lor  a 
powerplattt  that  later  fails.  If.  htnvevcr.  payments 
are  .structured  so  that  they  arc  :iKvavs  sultlcient  to 
cover  operating  and  other  costs  anil  also  provide  a 
reasonable  margin  for  the  operator,  it  will  always 
be  profitable  for  someone  ttj  keep  t!ic  plant  operat¬ 
ing.  This  can  reduce  the  risk  of  prenianire  failure 
and  abaiuionrneni. 

Transaction  costs 

High  transaction  costs  can  be  a  significant  baiTier 
for  small  renewable  energy  developers.  Among 
the  lessons  drawn  from  past  experiences  (see  box 
6-1 )  is  the  value  of  standard  coiunieis,  Provicling 
standard  eoniraets  is  usually  a  slate  regulatory 
issue. 

Direct  and  indirect  subsidies 

To  improve  the  eompetitivcriess  of  RF.Ts.  a  more 
detailed  and  ongoing  aeeountmg  ol  subsidies  and 
related  supports  such  as  tax  expenditures  in  the 
clcctrieity  secior  might  be  made  lor  each  tucl 
eyclc.  Explicitly  ideniilying  subsidies  and  related 
supports  for  each  fuel  cyelc  oi)  an  ongoing  basis 
could  provide  policymakers  wiili  a  better  sense  ol 
federal  tax  and  budget  expenditures  so  they  could 
determine  if  taxpayers  are  getting  their  money's 
worth,  and  if  any  change  is  warranted. 

Risk  and  environmental  costs 
Potential  fuel  price  changes  anti  environmental 
iiahililies  may  not  be  adct.|ualely  accounted  tor  in 
the  planning  of  new  clectrieiiy-generaiion  capac- 


^ank:rv:^l  r.»lc  iiu>  oUcw  Iv  iMctonhfc  lo  <kK'\\  jnihlu  ri:).Hu;e  as  loan  liijaiafilccN.a,-.  bu\,U  iwns  Icuvc  iIjc  v  timiuca  iai 
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require  speeirii  !c<ieral  outlays. 

■^John  H.  Konui's.  ■'t-m.i.'n  ;rn.'  wili\  a  DuaUTuuKhe.“  [ruh  fH-tulrnt  f  Scptomlvr  pp.  16-2:?., 


228  I  Renewing  Our  Energy  Future 


ity  or  in  the  cost  of  electricity,  Therefore,  the  po¬ 
tential  of  RETs  to  offset  these  risk  pass-throughs 
may  not  be  adequately  valued  by  planners,  reduc¬ 
ing  the  likelihood  that  these  RETs  will  be  chosen 
when  new  capacity  is  planned.  More  analysis 
could  help  understand  these  risks,  determine 
means  of  valuing  them,  and  understand  how  risk 
pass  -throughs  influence  financial  markets  and  the 
choice  of  generation  technologies. 

The  federal  government  could  work  with  states 
to  examine  fuel  adjustment  clauses  in  particular 
and  the  impact  these  have  on  the  choice  of  genera¬ 
tion  technologies.  Mechanisms  to  adequately  ac¬ 
count  for  the  risk  of  future  fuel  price  increases  in 
generation  capacity  planning  could  be  developed 
and  implemented.  Initial  work  on  this  is  under 
way  in  Colorado'^’ and  elsewhere.  Environmental 
cleanup  bonds,  trust  funds,  or  other  funding  mech¬ 
anisms  could  be  examined  to  determine  their  abil¬ 
ity  to  recover  long-term  environmental  cleanup 
costs  from  energy  industries  and  companies.'" 
Tax  benefits  that  could  affect  the  choice  of  a  fuel 
cycle  could  be  based  on  minimizing  environmen¬ 
tal  impact. 

State  governments  could  incorporate  environ¬ 
mental  externality  costs  in  their  utility  planning 
efforts  or  direct]  y  in  electricity  y  costs,  and  state  reg¬ 
ulators  could  encourage  utilities  to  consider  envi¬ 
ronmental  impacts  when  deciding  which 
generating  units  to  operate.’^  Although  these  are 
primarily  state  issues,  the  federal  government 
could  support  such  efforts  through  information 
programs,  the  development  of  appropriate  analyt¬ 
ical  tools,  and  further  analysis  of  the  social  costs 
of  energy  use.  Proposals  to  base  state  and/or  feder¬ 
al  electric  sector  taxes  on  emissions,  potentially 


including  greenhouse  gas  emissions,  rather  than 
profits  or  sales  could  be  examined  for  potential  ef¬ 
fectiveness,  costs  and  benefits,  equity  impacts,  or 
other  consequences.  Some  studies  have  indicated 
that  shifting  from  corporate  income  taxes  may 
have  positive  benefits  in  the  longer  term."*' 

Structural  change 

The  potentially  negative  impact  of  changes  in  the 
electric  power  sector  on  RETs,  discussed  at  the  be¬ 
ginning  of  this  chapter,  might  be  addressed  by  the 
use  of  sectorwide  policy  tools,  rather  than  utility- 
specific  regulatory  interventions.  For  example, 
the  valuation  of  fuel  cost  risks  and  environmental 
costs,  and  corresponding  use  of  technology-spe¬ 
cific  set-asides  for  both  utilities  and  NUGs,  may 
ease  some  of  the  conflict  inherent  in  limiting  such 
costs  or  controls  to  regulated  utilities  alone.  Such 
electricity  sectorwide  policy  tools  could  be  con¬ 
sidered  at  both  the  state  and  federal  levels. 

CONCLUSION 

This  chapter  has  outlined  a  variety  of  chal¬ 
lenges — structural,  financial,  tax,  risk,  and  com¬ 
petitive— that  face  commercialization  of  RETs  in 
the  electric  sector.  These  challenges  will  likely 
preclude  many  cost-effective  applications  of 
RETs  under  current  policies.  A  significant  RET 
industry  is  beginning  to  develop  with  a  portfolio 
of  maturing  as  well  as  immature  but  promising 
technologies.  The  considerable  experience  that 
has  been  gained  builds  confidence  for  the  indus¬ 
try’ s  future.  Policy  experience  is  also  developing. 
More  effective  commercialization,  if  done  wisely, 
can  lead  to  increased  growth  and  widespread 
benefits. 
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U.S.-owned  and  U.S-based  manufaclurers  have  led  ihc 
world  in  the  research,  development,  and  commercializa¬ 
tion  of  many  renewable  energy  technologies.  Today,  these 
manufacturers  arc  facing  strong  competitive  challenges 
both  at  home  and  abroad.  Compared  with  U.S.  firms,  foreign 
competitors  arc  often  more  strongly  supported  by  public  research, 
development,  and  demonstration  (RD&D)  and  commercializa¬ 
tion  program.s.  protected  by  tariff  or  nontariff  trade  barriers,  and 
assisted  in  their  drive  to  enter  foreign  markets.  At  slake  is  a  poten¬ 
tially  large  international  market  and  the  U.S.  jobs  and  other  eco¬ 
nomic  benefits  that  might  come  from  serving  it. 

I  What  Has  Changed? 

International  interest  in  renewable  energy  technologies  (RETs) 
has  increased  over  the  past  decade.  Environmental  concerns- 
due  to  acid-rain  damage  to  forests  in  Europe,  the  Chernobyl  nu¬ 
clear  accident  in  the  former  Soviet  Union,  and  possible  global 
warming,  as  well  as  ongoing  concerns  about  future  fossil  fuel 
prices  and  supply  reliability — ^have  generated  a  sti'ong  push  in 
Europe  to  find  alternatives  to  nuclear-  and  fossil-based  electricity 
generation.  Recently,  the  ‘'Declaration  of  Madrid'"  called  for 
RETs  to  provide  1 5  percent  of  primary  energy  demand  in  the  Eu¬ 
ropean  Union  by  2010.^ 

At  the  same  time,  many  power  markets  in  Europe  are  going 
through  substantial  structural  change.  Some  utilities  in  Europe 
(e.g.,  in  the  United  Kingdom)  have  undergone  large-scale  priva- 


‘Europcan  Commission,  DirccioratcvOcncral  XU.  XUI,  .XVU  and  I:uropcan  U.trliu- 
mcnl.  STOA  Pi'ogrammc  t't  at..  "Dcu  la  ration  oi  Miidrid,”  C’onicionce  on  an  Aunon  I’laii 
for  Renewable  Energy  Sources  in  Europe.  Madrid,  Spain.  Mar,  16  IS.  109-1. 


230 1  Renewing  Our  Energy  Future 


FIGURE  7-1 :  World  Electricity  Consumption,  1987 
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tization:  others  arc  searching  for  ways  to  cooper¬ 
ate  across  many  aspects  of  their  operations.  What¬ 
ever  form  European  utilities  take,"  there  ai*e  likely 
to  be  additional  opportunities  for  using  RETs 
within  them. 

In  developing  countries,  current  levels  of  elec¬ 
tricity  use  ai*e  very  low  (figure  7-1  )  and  the  de¬ 
mand  for  electricity  is  growing  rapidly.' 
Estimates  of  the  market  for  power  generation 
equipment  in  developing  countries  are  typical]  y  in 
the  $1  -trillion  range  over  the  next  10  years,  or  an 
average  of  $100  billion  per  year;^the  market 
could  grow  much  larger  in  the  longer  term.  Invest¬ 


ment  and  operational  expansion  at  this  level  poses 
great  difficulties  for  many  inefficient  or  heavily 
subsidized  state-owned  electric  utilities.  In  re¬ 
sponse,  many  developing  countries  are  opening 
up  their  electricity  sectors  and  beginning  to 
encourage  private  investment.  Use  of  RETs  in 
distributed  utility  applications  may  offer  opportu¬ 
nities  to  improve  power  sector  performance. 

Despite  large  investments,  many  people  in 
many  rural  areas  of  developing  countries  are  un¬ 
likely  to  be  served  by  conventional  electric  utility 
grids  for  many  years;  the  cost  of  transmission  and 
distribution  giid  extension  is  too  great.  Similarly, 


^/\nt1rcw  Holmes,  “E\  oluiioo  andDc-Evoluiiim  of  a  European  Power  Grid,"  liUi  truityJuunuiL  October  1 992.  pp.  34-47.  See  also  Edward 
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(ion  o!  Eiicrgv  Economists,  StaN  anger. Norwav\May  1994. 

Yor  a  detailed  review  of  energy  use  in  developing  countries,  sec  U.S.  Congress.  Office  olTechnolocy  Assos.sinent,  D<\  dupment: 

hirwryy  for  Pi  velopm  Countries^  OTA'E'5 1 6  (Washington.  DC;  U.S.  Govenirnent  Prinriitg  Office,  April  1 992), 

*^Thc  market  is  likely  to  be  smaller  in  the  near  term  and  grow-  larger  with  time.  Sce.e.g..  Edwin  A.  Moore  and  George  Smith.  “Capital  Hxpciv 
diiures  tor  Idociric  Power  in  the  IVvcloping  Countries  in  the  J9^H)s.“  World  Rank.  Industry  and  Energy  Depariiuent  Working  Paper  No.  2 1  for 
the  Energy  Scries.  Eebruary  19SH). 
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transport  of  fuel  for  diesel  clcclrie  systems  is  ex¬ 
pensive  and  often  unreliable.  In  many  cases,  the 
choice  is  cither  to  purchase  remote  RhiT  systems 
or  continue  to  do  without  electricity.  RETs  have 
the  potential  to  cost-  effectively  provide  electricity 
to  people  in  areas  outside  the  utility  grid.  The 
benefits  of  electricity,  such  as  lights,  water  pumps, 
and  modern  communications,  can  help  transform 
these  traditional  societies.  This  can  contribute  to 
political  stability  as  well  as  provide  trade  benefits 
and  jobs  for  the  United  States. 

Both  within  Europe  and  in  developing  coun¬ 
tries.  RETs  are  thus  increasingly  as  key  pow¬ 
er  technologies  in  the  future,  with  potentially  huge 
markets.  These  factors  have  rcsulicil  in  much 
more  activist  government  policies  in  support  of 
RETs  in  recent  years  and  pose  a  significant  com¬ 
petitive  challenge  to  U.S.  firms. 

I  Potential  Roles 

Foreign  markets  offer  a  proniising  opporiiinily  for 
using  RETs.  Many  of  these  applications  are  higher 
value  uses,  for  example,  remote  applications 
where  RETs  such  as  photovoltaic  (PV),  small  so¬ 
lar  thermal,  and  small  wind  have  strong  compcli  • 
live  advantages.  These  markets  tlius  offer  the 
potential  to  scale  up  manufacturing  and  drive 
down  prices  through  economics  of  scale  and 
learning. 


The  United  States  is  now  doing  well  in  some 
R1:T  export  markets.  For  example,  about  7(1  ()er- 
eeniof  L'.S.  photovoltaic  production  was  shipped 
abroad  in  about  37  percent  of  world  produc¬ 
tion  of  PVs  svas  in  the  United  Slates."  Nearly 
thirds  of  U.S. -based  PV  protluetion.  however,  is 
by  firms  recently  purchased  by  foreign  interests. 
To  lo.se  foreign  market  slnirc  could  then  greatly  re¬ 
duce  U.S.  firnis'  economies  of  scale  and  learning; 
ultimately,  tliis  could  lead  to  a  loss  of  caiinpetitive- 
ness  even  in  our  own  markets. 

.'\s  di.scusscd  elsewhere  in  this  chapter,  several 
ctaintrics  appear  to  have  earmarked  the  PV'  indus¬ 
try  for  special  sapp(M‘i.  Such  support  ci.^Id  threat¬ 
en  UfS.  firms  in  b<^lh  doinesite  and  export 
markets,  especially  since  the  I^V  industry  is  one 
where  economics  of  scale  and  rapidly  improving 
technology,  along  wiili  steep  technical  and  tinan* 
cial  barriers  to  entry,  give  the  first  in  the  field  a 
strong  advantage. 

I  Principal  Themes 

Rather  than  a  broad  overview  of  U.S.  and  (orcign 
RD<K:D.  eommerciali/ation,  and  trade  programs 

. such  review  s  and  related  policy  discus.sio/ys  are 

well  covered  clscwliore^- — this  chapter  nuikcs  a  de¬ 
tailed  comparison  of  international  activities  \n  two 
specific  areas . photovollaics  and  wind.  Other  re¬ 

newables,  such  as  buunass  energy  lochnohigies.* 


nV  Shipincntx  Climb  Sbarply  'I'licrnMl  ColKvU'.r  Nimibcrx  Dhip."  Soluc  /.<  ih  y.  .luric  in.  1994.  |>.  ;.i4. 

'•Inicni^ciK-y  niivirf'ntnomal  I'AptJas  Wtirkinj’  Oroup.  x'/o/  /r.  A mV Imnu^vosk  /<;.•  I  S.  I 

OC:  t^S  D'.’pitnmcni oi  Commerce.  O.S.  tVcpaiTmcJU  :>!' [iiicrjiv.  anU  Imvv  in/umv  (lUil  rriiu-kti-'iii  .'Xiior.v  x.  NDU  fiilsr  e/vi  -.f,  l-.S 
tX'piiUnicnl  I’.iKTgy, .Vi.’.'uMk//  /:V(t  ri,'y  'rrciinii  ni  Antu  v AfUily.s-:^  hu  y<  a.\<  <\l  (  s.  /•  '.vr^v  /:  <  i  S- 

D()n.S-(i^J96rMW;tNhini>lon,  DC;  .Natimuil  Tishniciii  So^^■in^  19‘>2  5;  Tr^bio  huninnon  Cooraimiiinp  Conimmoc  "  bn\;iia  .i  N;i 

;9y.V.<xrK0iil  Talu'ftik-iy  A^somikih.  <>p nt..  loomnic  .v  C.S,  CV>fiofv-^v  ( v.!\ 
'rcchiuiloi!)  Ituiuslry,  Tct'hrtol(>i^\ .  (uui  :hc  nt:  (’(f.ntpcimvi'  (  htnUnyts  afti!  (H.v 

(VVashinitofi.  DC.  U.S.  (j-u’cnuneni  rVintinj?  Oflkc,  January  1994).  I'-.S,  C  oivjrcss.  OUV,c  ol  'iodit’!oUi|>.y  .Xs^cssniom.  Prv<  fnntm  u;  \x''W 
atur.  A’.v;.b-M7  Fr(>ir.n!i(>n.  ufui h'ttvififnntciual  Ta  hruuoi^y-  ■  lhu  k;<^y<'U!tfi !Sipt  >\0 1  V-  iU^  !  11 ,  ! U ?  i  Vv  as'iinvr.K'fi.  I )(  t  .S  C»‘;jvrr;urAM)i  1  riuiiiij! 
Orikxs  A\jgu.'4  199.').  .inU  .Xiubcw  Uamcir.  “The  V-ui;inLH){i oi  I'.Uxiric  IV^axt  Projcfix  \n  Dowinpin;!  CXninificv  /VmV.- y.  \ ^9.  :.i\  .Xpril 

1992.  pp.  'VU. 
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have  recently  becn*^  or  are  currently  being  re¬ 
viewed  elsewhere.''^ 

Thi.s  comparison  of  PV  and  wind  programs 
shows  a  wide  range  of  supports  among  various 
nations  oi  the  Organization  for  Economic  Coop¬ 
eration  ami  Development  (OECD),  including 
govcrnment-supporlcd  RD&D;  direct  funding  of. 
or  lax  credits  f  or.  investments  in  RET  equipment; 
supports  for  the  purchase  of  generated  retiewable 
energy;  and  a  variety  of  legislative — including  en¬ 
vironmental — supports  for  renewables. 

The  bulk  of  this  chapter  is  focused  on  national 
PV  and  wind  programs  in  Japan.  Europe,  and  the 
United  Slates.  Following  this  discu.ssion  is  a  brief 
crosscutting  summary  ami  discussion  of  possible 
policy  options  to  respond  to  this  competitive  chal¬ 
lenge.  How  U.S.  fimrs  do  in  thi.s  international 
competition  will  depend  on  the  groundwork  that 
is  laid  today. 

Finally,  it  .should  be  noted  that  PV  and  wind 
technologies  are  advancing  rapidly  and  govern¬ 
ment  programs  arc  changing  quickly  in  respon.se 
to  new  opportunities  and  shifting  public  concerns. 

INTERNATIONAL  ACTIVITIES  IN 
PV  AND  WIND  TECHNOLOGIES10 

Competition  in  RETs  is  increasing  rapidly  as  in¬ 
dustrial  countries  recognize  the  growth  potential 
of  these  environmentally  friendly  and  currently  or 
potentially  cost-effective  energy  technologies. 
The  PV  and  wind  energy  technology  activities  of 
nine  OECD  countries  are  reviewed  and  compared 
here. 

All  of  the  renewable  energy  programs  reviewed 
have  three  complementiu'y  strategies:  1 )  RD&Dto 
increase  the  cost-effectiveness  of  the  technology 
and  thus  broaden  its  scope  of  economically  attrac¬ 


tive  market  applications;  2)  market  development 
to  accelerate  acceptance  of  RETs  in  currently  cost- 
effective  or  newly  emerging  applications;  and  .\) 
market  priming  to  suppt^rt  the  use  of  RETs  where 
they  are  not  yet  cost-effective  but  could  become  so 
with  further  development  and  large-scale  manu¬ 
facturing. 

The  link  between  increased  cost-effeclivcness 
and  market  development  is  critical.  The  potential 
market  relies  heavily  on  price  (without  consider¬ 
ing  risk  or  environmental  costs,  see  chapter  6). 
particularly  compared  with  the  mature  energy 
technologies  th;il  RETs  compete  against.  Prices 
for  RETs  arc  determined  by  technical  perfor¬ 
mance  as  determined  by  RD&D.  economies  of 
scale  and  learning  realized  by  mass  production, 
and  the  requirement  to  recoup  certain  fixed 
RD&D,  manufacturing,  and  marketing  costs 
through  sales.  Thus,  costs  can  be  reduced  if  sales 
volumes  are  incrctiscd,  but  sales  volumes  may  not 
increase  until  prices  are  reduced.  This  "chicken- 
and-egg”  problem  is  a  central  challenge  for  RE'l’s. 

I  RD&D  for  Increased  Cost-Effectiveness 
Photovoltaics 

The  general  routes  to  improved  PV  cost -effecti  ve- 
ness  are  increased  energy  conversion  efficiencies, 
improved  balance  of  systems,  and  reduced 
manufacturing  and  installation  costs.  Increasing 
conversion  efficiencies  will  make  each  square 
centimeter  of  PV  surlaco  more  productive,  in¬ 
creasing  the  utilization  ol'  available  solar  energy 
while  making  the  cell  less  costly  on  a  malcrials  ba¬ 
sis  per  unit  output.  A  reduction  in  manufacturing 
costs  per  unit  of  cell  area  makes  each  square  centi¬ 
meter  of  cell  less  cosily.  The  combination  of  re¬ 
duced  cost  and  increased  efficiency  is  expected  to 


^I'Of  ;i  hroad  review,  see  James  tV  James  Seience  l^iblishcrs.  liuropeim  l)h\<  U)ry  <\fRcne'^\  iihU  i\ni'ri:y  Supphi-rs  and Scrvircs.  (Lon¬ 
don.  HngLmd; 

detailed  eom^xHitive  assessmem  of  interuaiiomd  renewable  energy  icchuology.  and  aeliviues  is  citneiUiy  under  way  ai  Sandia 

National  I.atH>ruiory  Tor  the  Department  of  Knergy.  It  covers  biomass,  geothermal,  ocean,  pholovoliaic,  stdar  ihcnna).  wind,  and  advanced  bai- 
icrics. 

‘■Tins  .section  is  drawn  ptimurily  from  Ted  Kennedy  and  Chri.siine  Kg;m.  Ntcridiun  Corp..  •iniernadonal  ActiviiieN  Suppoiting  Wiml  and 
PhtUovokuie  Energy, '  report  prepared  for  Ihe  Office  of  Technology  Assessment,  Nov.  K, 
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TABLE  7-1;  Publicly  Funded  Photovoltaic  R&D,  by  Country  (current  U.S.  dollars  in  millions) 
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result  in  dramatic  declines  in  system  capital  costs 
as  well  as  energy  costs  per  kilowatt  -hour  produced 
(see  chapter  5),  Most  countries  with  PV  programs 
include  a  variety  of  activities  to  improve  peifot' 
manec  and  reduce  manu  fact  tiring  costs. 

Incorporation  ol'PVs  into  building  structures  is 
a  concept  (hat  is  being  pursued  by  most  of  (fie  ma¬ 
jor  programs,  including  those  of  the  United  States 
(PV'-Bonus  Program).  Japan  (superhigh-ct'licicn 
cy  cell  applications’).  Cfcrmany  ('M  .000  Roof' pro¬ 
gram.).  and  Great  Britain  (Study  of  PV 
Applications  in  Riitidings). 

Improvements  in  balance  of  system  (BOS) 
components  and  system  reliability  and  lifetime 
arc  additional  areas  addressed  by  most  pro¬ 
grams.  BOS  components  include  batteries,  power 
conditioning  equipment,  system  intcrconnec- 
oons,  and  support  structures.  The  Japanese,  Ital¬ 
ian.  and  Swiss  programs  specincaliy  target  BOS 
ca^mponents  cither  as  budget  line  uenrs  or  as  dis¬ 
crete  program  areas. 

System  reliability  and  lifetime  research  is  di¬ 
rected  at  several  critical  areas,  including  subsys¬ 
tem  components  sueh  as  the  PV  modules, 
batteries,  and  inverters:  syslem  configunitions 


and  interconnecti(nis;  and  operations  and  mainte- 
natice  requinunonts.  These  concerns  arc  ad¬ 
dressed  either  as  specitlc  program  areas  or  as 
cimiponcnts  of  broader  program  initiatives  by 
virtually  all  countries  examined. 

'Table  7-1  provides  data  on  national  annual  PV 
RO&D  budgets,  and  (able  7-2  lists  production  lev-- 
els  by  country  from  1976  to  1993. 

Wm6 

Improvements  in  the  cosl-effcctivcness  ol  wind 
energy  technologies  (see  chapter  5)  have  been 
pursued  through  advanced  engineering  and  manu¬ 
facturing  improvements.  For  csample,  improve¬ 
ments  in  blade  design  tluough  public -private  U.S. 
efforts  are  now*  resulting  in  rotors  that  increase  en¬ 
ergy  capture  by  HI  to  ?0  percent,  while  reducing 
inefficiencies  caused  by  fouling  due  to  insects  and 
airborne  particles  (see  chapter  5).  Virtually  all  of 
the  country  programs  atldresscd  in  this  report  are 
investigating  such  improvements,  as  well  us  im¬ 
provements  in  j)owcr  system  components — in¬ 
cluding  vuiiable-speed  operation  with  advanced 
power  electronics  and  expert  control  systems  to 
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TABLE  7-2:  Photovoltaic  Production,  by  Region 
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increase  power  output,  improve  power  quality, 
and  reduce  mechanical  loads. 

The  dcvclopntent  of  large-scale  turbines  to  re¬ 
duce  unit  costs  per  kiknvati  and  address  siting 
constraints  is  being  pursued  by  the  Huropean 
Union  (Ell.t).  Danish,  Italian,  and  Gciman  pro¬ 
grams  with  specific  budget  line  items  or  discrete 
program  areas.  The  development  of  offshore  tur¬ 
bines — lan^l-use  restrictions  such  as  the  location 
ol’  population  centers  may  prevent  wind  energy 
development  in  some  prime  areas — is  being  in¬ 
vestigated  in  many  of  the  country  programs,  par¬ 
ticularly  Denmark  and  the  Netherlands,  as  a 
mid-term  option. 

Increases  in  system  reliability  and  lifetime  are 
addressed  in  most  national  programs.  In  the 


United  States,  for  example,  design  improvements 
and  better  operations  and  maintenance  regimes 
have  resulted  in  availabilities  of  up  to  97  percent, 
compared  with  20  percent  in  1981  (see  chapter  5). 
Turbines  have  been  simplified  and  the  numnber  of 
moving  paits  has  been  reduced.  This  has  cut  down 
on  maintenance  requirements  and  has  enhanced 
lifetimes  while  reducing  manufacturing  costs. 

overall,  Eiuope  appeal's  to  be  gearing  up  for 
large-scale  deployment  of  wind  turbines  in  the 
war  term.  Plans  for  installing  some  4,000  MW  of 
wind  capacity  by  the  year  2000  have  been  an¬ 
nounced.  "  The  large-scale  deployment  of  tur¬ 
bines  will  permit  further  economics  of  scale  in 
manufacturing  and  operations. 


‘  ’)X\ ('hapinafi,  Ijtnipran  Wind  Ti  i  litinh^y,  rK^KM  '01  (Palo  A\\o.  CA;  Hlcclric'  Power  Research  Insiilutf,  March  190.^). 


Chapter  7  Government  Supports  and  International  Competition  235 


I  Market  Development  Initiatives 

Varitnis  OECD  nations  have  iinclertakcn  activities 
to  support  the  contmercializalion  of  REls.  By  en¬ 
couraging  comnierciali/.aiion  of  RETs,  larger 
scale  production  can  be  initiated,  allowing  econo¬ 
mics  of  scale  to  be  realized.  In  turn,  these  ecorn)- 
mics  lower  tlic  costs  of  RETs  and  allow  still  larger 
market  opportunities  {o  be  tapped.  I'his  cycle  will 
ultimately  allow  the  creaticu^  of  a  large  and  cost- 
offcctivc  RET  industry.  Commercialization  strat¬ 
egies  now  in  use  for  wind  and  PV  technologies 
include  removing  regulatory  and  institutional  har¬ 
riers:  information  programs  to  belter  inform  key 
decisionmakers  rogardi’  g  renewables:  demon¬ 
strating  technically  appropriate  and  cost-effective 
applications  of  the  technology:  and  stimulating 
market  demand  through  market  conditioning 
demonstrations,  large-scale  government  pur¬ 
chases.  subsidies,  low- interest  loans,  tax  inccn- 
lives,  and  other  supports. 

Photovoltaics 

Market  conditioning  is  specifically  identified  in 
the  VS.  photovoltaic  program  as  a  key  strategy 
element.  Activities  include  education:  technical 
assistance  and  training:  market,  economic,  and  fi¬ 
nancial  analyses:  icchnolngy  characterizations: 
regulatory  and  value  analyses:  and  codes  and  stan¬ 
dards  assessment  and  dcveh>[)ment.  Efforts  to  im¬ 
prove  the  policy  and  regulatory  framework 
include  evaluation  of  transmission  issues  a>- 
fecting  PVs,  developnicni  oi  miegralcd  resource 
planning  methodologies,  and  integration  of  envi¬ 
ronmental  considerations  into  utility  planning. 
There  are  similar  market  conditioning  acliviiics  in 
other  countries,  including  efforts  by  the  Photovol¬ 
taic  Power  Generation  ^Icchnology  Research 
Association  in  Japan  and  the  Future  Finergies  Fo¬ 
rum  in  Germany. 


Demonstration.s  are  intended  to  encourage 
market  participation  through  example,  proving  a 
new  technology  application  in  the  critical  areas  of 
appropriateness,  reliability,  cost-effectiveness, 
ease  of  maintenance,  integration  with  existing 
systems,  and  so  forth.  The  major  PV  evaluation 
program  in  the  United  Slates  is  the  PV-USA  proj¬ 
ect.  Major  demonstration  projects  in  other  coun¬ 
tries  include  the  1.000  Ruoi"'  PV  program  in 
Germany,  promoted  witli  the  use  of  subsidies: 
'‘rnodcr’  facilities  in  Japan,  which  arc  supported 
tlrough  subsidies:  and  the  PI  UG  modular 
100-kW  grid-connected  PV  systems  in  Italy, 

Market  subsidies  are  intended  to  foster  mar¬ 
ket  development  and  growth  to  the  point  at  w^hich 
the  market  can  operate  waihoul  theni,^''  In  llie 
United  States,  supports  are  limited  to  tax  incen¬ 
tives,  including  five-year  accelerated  depreciation 
and  a  lO-perccnt  investment  lax  credit  for  nonutil¬ 
ity  generators.  At  the  current  state  ofcosi  and  per¬ 
formance  in  PVs,  these  provide  only  rnodesi 
incentive  for  additional  investment. 

Italian  subsidies  support  up  to  HO  percent  of 
installation  costs  or  provide  buyback  rates  for 
peak  periods  of  up  to  28e/kWh.  In  Japan  they 
range  up  to  two-thirds  of  the  cost  of  residential 
systems,  and  buybacks  rates  for  PV-produced 
electricity  are  reported  to  be  as  high  as  24v*'kWh. 
Japan  also  offers  a  7-percent  tax  credit  for  PV  sys¬ 
tems  and  low-intcrost  loans  with  rates  as  low  as 
4.1  percent.  Germany  offers  subsidies  for  system 
capital  costs  of  up  to  70  percent. 

Wind 

For  wind  energy  dcveiopmcni.  the  U.S.  experi¬ 
ence  in  Itie  1 980s  was  with  targeted  investment  lax 
credits.  In  effect,  these  favored  installation  of  tur¬ 
bines  over  the  production  of  power.  They  were 
phased  out  in  the  mid-19S0s.  The  Energy  Policy 


*'.An  with  rogjua  frt  siibNuhcN  in  lh;il  they  (.*.■1/}  ir:inN)uU'  iiilo  i?(>vcfiinK''’U  Nuppori  ('sl  I’v  tot'hJ'iiuiii) 

tvvmul  RD^D  hudccts.  Doicnnifiin:-*  iho  lowl  ihiN  support  nmccs  tronutirncuU  to  ncurh  impossible.  Sina?  iviusi  ot  the  lnia;:.i'ts  eicscnlxst 
here  me  [iKk  only  on-butlgci  lino  items,  subsidy  cxjxMuiiluros  lor  h.tnlwiiro  iusiaiUumn  and  {xwvor  produolum  twhcdicr  iboy  tako  the  lorin  vd 
oasli  s‘jppo*rl  or  ia\  roiion  mas  provide  a  ^ij»niri».’an{ly  hipher  level  oi'suppori  than  could  h'  fully  dcsci  ibed  in  iliis  icpovt 

=  'Or course,  programs  may  take  mi  a  iilc  r-.f  their  own  ;md  live  on  alter  their  intended  purix>sc  has  been  i’KM. 
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Act  of  1992  provides  a  1.50/kWh  production  tax 
credit  for  wind-generated  electricity,  Subsidies 
have  been  used  by  Denmark  and  Germany  in  the 
form  of  stable  power  purhase  prices,  paying  85 
and  90  percent  of  the  retail  price  of  electiicity,  re¬ 
spectively.  In  England,  power  purchase  rates  have 
been  set  at  very  attractive  levels  for  certain  peri¬ 
ods,  which  has  accelerated  installations  dramati¬ 
cally. 

I  Country  Programs  and  Market  Share 
Photovoltaics 

'I'he  market  lor  PV  modules  has  been  rapidly  in  ¬ 
creasing  and  is  expected  to  continue  to  do  so  for 
the  foreseeable  future  (see  table  7-2).  Globa!  mar¬ 
ket  share  trends  indicate  that  IJ.S. -based  produc¬ 
tion,  after  experiencing  a  decline  through  the 
mid-1980s,  remained  at  30  to  32  percent  during 
1990-92  and  then  jumped  to  nearly  37  percent  in 
1 993.^"^  Japan,  which  had  1 5  percent  of  the  market 
in  1 980,  rose  to  49  percent  in  1 986,  and  declined  to 
28.5  percent  in  1993.  Tlic  gains  during  1980-86 
were  largely  related  to  expanded  sales  of  amor¬ 
phous  silicon  technologies  introduced  through  a 
number  of  consumer  products.  After  1 986,  the  PV 
market  began  to  shift  from  consumer  product  op¬ 
portunities  to  power  sector  applications.  Euro¬ 
pean  producers  gained  more  of  the  market 
between  1986  and  1992,  largely  at  the  expense  of 
Japanese  firms.  The  combined  market  share  of 
producers  in  the  rest  of  the  world  has  remained  rel¬ 
atively  constant  since  1986, 

Some  of  these  PV  firms  have  an  international 
presence,  with  RD&D,  manuraciuring,  sales,  and 


other  activities  taking  place  in  many  countries.  A 
number  of  foreign  firms  have  also  recently  pur- 
chased  U.S.  PV  producers.  In  March  1990,  for  ex¬ 
ample,  Siemens  A.G.  of  Munich  purchased 
Atlantic  Richfield  Company’s  ARCO  Solar. 
This  gave  Siemens  nearly  50  percent  of  U.S.  pho¬ 
tovoltaic  shipments  in  1992.  In  March  1994,  Eba- 
ra  Corporation  of  Japan  purchased  majority 
control  of  Blue  Ridge  Industrial  Development 
Group,  a  spinoff  from  Westinghouse  Electric  that 
was  commercializing  dendritic  web  silicon  PV. 

In  July  1994,  Mobil  Solar  Energy  Corporation,  a 
Massachusetts -based  producer  of  ribbon  silicon 
PV  cells,  was  sold  to  Aiigewandte  Solarenergie 
GmbH  of  Germany,  a  joint  venture  whose  parent 
companies  include  Daimler-Benz  A.G.  and  the 
largest  electric  utility  in  Germany,  ’Tn  November 
1994,  Solec  International]  was  purchased  by  Sumi  - 
tomo  and  Sanyo  of  Japan.  ’^Together,  these  com¬ 
panies  accounted  for  about  63  percent  of  the  PVs 
manufactured  in  the  United  States  in  1993  (see 
table  7-3). 

The  issue  of  “who  is  us”  has  appeared  repeated¬ 
ly  in  discussions  of  international  competitiveness. 
Closely  related  is  the  question  of  the  extent  to 
which  benefits-jobs,  earnings,  training,  Intel  - 
lectual  property-of  federal  assistance  gO  abroad, 
whether  transfeired  by  a  U.S.  firm  operating  or 
sourcing  offshore  or  by  a  foreign  firm  operating  in 
and  receiving  benefits  from  the  United  States.  ’’ 
Maintaining  U.S. -based  production  of  PVs  will 
likely  require  significant  RD&D  and  investments 
in  advaned  automated  production  facilities,  par¬ 
ticularly  as  PV-production  increasingly  becomes 
a  commodity  production  process. 


D.  Maviock.  Phoun-oliaii.  liiKTiiy  Sydcn^.  Inc./’lnieinational  Photovoliak  Markets.  Developments.  Trends:  Forecast  to  2010." 

1994. 

I  5  |'jj^.^^,Tri'cmentuas.mnoiint:t'd  In  mull9S9  Sec  Richard  .VlcCormack.  -Sjcnjcns  Snare\  Arco  Solar,”  N('ixTechnol(?}>y  Week.  Aug.  7. 

m<). 

‘-■‘'Japanese  Firm,  Westinghouse,  Investors  'Co  ('omnicrcialize  Dendritic  Woh  PV.*'  Solar  Leitcr,  vol.  4,  No.  7.  .Apr.  1,  1994,  pp.  76-77. 
‘^"Mohil  Annoimees  Sale  to  .ASF.  .Americas,  Venture  of  Deutsche  Aerospace  Nukem.”  Sohfr  Uoter,  vo).  4,  No.  17.  Aug.  5.  1994,  p.  i  86, 
‘^"Sumitomo.  Sanyo  Acquire  .Solec:  Financing  and  Marketing  Aid  Set.”  Solar  Letier,  vol.  4.  .No.  Nov,  1 1 .  1994,  p.  284. 

‘‘‘Tor  a  deiailci!  discussion  of  rhe.se  issues,  sec  U.S.  Congrc.ss,  Office  of 'reclmology  Assessment.  Multinaiionah  anti  the  Nafional  hiicre.\t: 
P/uvm.e  hy  DiiTrn  nt  HuUs,  OTA*n’I>569  (Washingtorr.  DC:  fi.S.  Cmvcnimenl  Printing  Office,  September  199.^). 
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TABLE  7-3;  Photovoltaic  Cell  and  Module  Shipments,  by  Company  (megawatts) 


Company 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

United  States 

Siemens  Solar 

42 

55 

65 

70 

90 

90 

125 

Sola  rex 

29 

32 

50 

54 

56 

57 

65 

Solec  International 

03 

06 

09 

09 

1  2 

13 

13 

Advanced  PV  Systems 

02 

08 

05 

Astropower 

01 

02 

04 

045 

06 

0.9 

Ussc 

03 

04 

05 

06 

02 

03 

05 

Mobil  Solar/ASE  GmbH 

005 

01 

005 

005 

02 

03 

02 

Entech 

03 

003 

003 

005 

001 

Other  (Chronar) 

09 

1  2 

065 

042 

02 

01 

Total 

865 

11.3 

141 

148 

171 

182 

22-1 

Japan 

Sanyo 

48 

48 

48 

49 

60 

65 

62 

Kaneka 

165 

22 

24 

25 

31 

30 

22 

Kyocera 

13 

17 

25 

4.5 

58 

51 

48 

Talyo  Yuden 

12 

13 

15 

16 

1  6 

16 

16 

Sharp 

15 

08 

10 

10 

10 

10 

10 

Hoxan 

15 

08 

10 

08 

08 

06 

04 

Fuji 

05 

0  5 

01 

01 

01 

Matsushita 

06 

08 

10 

10 

Other 

07 

07 

09 

08 

06 

oil 

00 

Total 

132 

128 

142 

168 

198 

188 

173 

Europe 

Deutsche  Aerospace 

08 

1.3 

12 

17 

21 

26 

26 

BP  Solar  Systems 

13 

13 

14 

14 

22 

35 

45 

Naps  France 

10 

07 

06 

10 

06 

0.5 

Cnronar  Wales 

09 

07 

06 

02 

00 

01 

Photowatt  (France) 

10 

08 

08 

15 

1  8 

20 

17 

Eurosolaire  (Italy) 

04 

04 

08 

1  0 

1  5 

26 

32 

Helios  (Italy) 

03 

03 

08 

12 

1  5 

20 

10 

Isophoton  (Spain) 

02 

02 

03 

05 

05 

06 

05 

Siemens  (Germany) 

02 

02 

04 

06 

08 

06 

05 

RES  (Netherlands) 

04 

05 

05 

0.8 

05 

Other 

03 

04 

04 

06 

1  3 

11 

12 

Total 

45 

67 

79 

102 

134 

164 

166 

Rest-of-World 

CEL  (Indua) 

12 

13 

13 

14 

1.4 

15 

1  8 

Sinonar  (Taiwan) 

06 

0.4 

04 

NA 

Heliodinamica  (Brazil) 

05 

05 

06 

06 

1  0 

05 

05 

Reil  (India) 

05 

05 

05 

05 

NA 

Bharat  (India) 

04 

04 

04 

04 

04 

08 

1  0 

UDTS/HCR  Algiers 

— 

03 

0.3 

03 

03 

NA 

Venergia  (Venezuela) 

03 

03 

03 

NA 

Other 

07 

08 

08 

08 

10 

10 

NA 

Total 

28 

30 

40 

47 

50 

46 

4.4 

NA  not  avaiable 
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S/x  /0'r^/v'  wv.oty  iurtiin^i^  tron)  Gergi^y  WindfXi^ar.  rin  / 1  2-k'A' 
PfiOtovO'iaic  3ffiiy  from  Siomt^rtH  Solar  undo  diesie! power 
backup  provide  power  for  ISO  homes  in  me  vHfage  ofXcaiac 
in  Goo  province.  Mexico 

In  general,  the  major  PV  RD&  D  programs  have 
similar  goals,  all  of  which  are  aimed  at  producing 
PV  modules  and  equipment  that  are  cost-effective 
in  the  broadest  array  of  applications.  In  addition, 
activitits  that  facilitate  PV  technology  and  market 
development  have  been  adopted,  many  of  which 
arc  not  included  in  a  country  RD&D  budget. 
These  include  demonstrations,  government  pur¬ 
chases,  market  subsidies,  low-interest  loans,  and 
tax  incentives.  Such  facilitating  support  activities 
differ  widely  among  countries  and  are  examined 
below.  Japan,  Germany,  Italy,  and  others  offer 
more  aggtrddivr  supports  than  does  the  United 
States  in  many  respects. 

Wind 

In  1992,  European  utilities  and  developers 
installed  some  225  MW  of  wind  capacity,  while 
only  5  MW  was  instulled  in  the  United  States.'" 


Europeans,  either  privately  or  through  electric 
utilities,  ai*e  investing  $300  million  to  $500  mil¬ 
lion  per  yeai*  in  wind  equipment  and  associated 
services,  not  including  research  and  development 
(R&D)."‘ More  recently,  several  U.S.  utilities 
have  shown  increased  interest  in  wind  energy. 

In  general,  the  goals  of  the  wind  RD&D  pro¬ 
grams  are  similarly  focused  on  cost-efective 
wind  turbine  development  and  deployment,  but 
emphases  vary.  Japan,  Sweden,  Canada,  Italy,  and 
Belgium  have  financially  supported  exploitation 
of  the  wind  resource  primaiily  as  an  R&D  activity. 
In  contrast,  the  United  Kingdom,  Denmark,  the 
Netherlands,  and  Germany  have  attempted  to 
stimulate  the  maiket  by  subsidizing  turbine  instal¬ 
lations  and  paying  a  premium  price  for  power  pro¬ 
duced.  The  U.S.  program  is  balanced  between 
both  approaches.  Wind  energy  RD&D  budgets  arc 
listed  in  tuble  7-4. 

It  is  now  useful  to  examine  country -specific 
programs  in  more  detail.  U.S.  programs  arc  dis¬ 
cussed  in  chapter  5. 

JAPAN” 

Japanese  R&D  of  new  and  altermative  sources  of 
energy  has  taken  place  under  the  framework  of  the 
Sunshine  Project  initiated  in  response  to  the  first 
oil  crisis.  In  1993,  the  Sunshine  Project  was  com¬ 
bined  with,  among  others,  the  Moonlight  Project, 
which  focused  on  energy  conservation  technolo¬ 
gies,  and  the  Research  and  Development  Project 
on  Environmental  Technology,  which  focused  on 
reduction  of  carbon  dioxide  (COJ  and  other  emis  - 
sions,  to  form  the  New  Sunshine  Project. 

The  New  Sunshine  Project  includes  three  ini- 
tifatives"^: 


WinJ  haicf »;y  A ssiu'iuuon,  /  Wirui  Tc(.  htu>hi*\  Rq>ori:  Wind  hdiaxv on  Vcti^c  ofG.s/Hinshfn  in  I i.S.  (Wash ini' U>n,  fXV; 

1994). 

‘’■‘I'.urojvan  Wind  tk’r.craiion  TuTop  kWp  Mark  in  199.1,"  Wind  tiner^y  Weekly,  Scpl.  2^.  1W2,  p  5. 

section  is  primarily  drawn  fronj  KcMinedy  and  op.  cit..  footnote  10. 

‘  h'jivironmeni  Aiieiuiy.  Cioventmerd  of  Japan,  hsiahdshin^  a  Iki.sic  Law  on  llte  Lnvironment  <Toky<v  Japan:  Ocl.  20.  1992):  and  Jacob  M. 
.Schlesin.uer.  'In  Japati,  linv  iionment  Means  an  Opportuniiy  for  New  ‘reclmologies."  WaH  Sirevj  JournaL  .lune  1 992.  p.  A I . 
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TABLE  7-A-.  International  Government-Funded  Wind  Energy  RD&D^ 


Year  United  States  Japan  Germany  Italy  CEC'>  Denmark  Netherlands  United  Kingdom 


1983 

31,4 

15 

18.0 

1.5 

62 

1,0 

3.3 

5-3 

1984 

265 

1.5 

160 

19 

8.5 

4.5 

76 

7.1 

1985 

316 

1.5 

129 

23 

96 

8.0 

12,0 

90 

1986 

25.8 

20 

12,9 

53 

97 

8.0 

177 

95 

1987 

167 

32 

12,9 

96 

13,0 

8  0 

236 

95 

1988 

85 

20 

135 

155 

13.0 

8  0 

236 

10.0 

1989 

8.8 

20 

250 

245 

155 

8.0 

236 

100 

1990 

91 

29 

29.5 

304 

200 

8  0 

258 

195 

1991 

11  1 

31 

295 

30,4 

20,0 

7  6 

27.3 

255 

1992 

21.4 

65 

168 

33  0- 

19,6 

6.0 

289 

15.8 

1993 

240 

7.7 

222 

330 

l'j.6 

6.0 

326 

15,8 

^incatd.ng  test  stations  for  Germany  the  Netherlands  the  Ur  ted  States,  Italy,  and  Dennnari< 

^CEC .  Commiss,r>n  of  the  European Commurities  Includes  budgets  for  both  the  Directorate  General  forScience,  Research  and  Devetopmert  and 
the  Directorate  Generakor  Energy 

-Accordtrtg  to  Dan  Ancnra  o!  the  U  S  Department  of  Energy,  these  figures  may  jnciude  some  double  counting  of  funds  due  to  projects  falling  behind 
schedule  Thus,  the  aclua!  budget  may  be  overstated  for  1992  and  1993 

SOURCE  Ted  Kennedy  and  Christ  ne  Egan  International  Activtsfis  Supporting  Wind  and  PhotovoUsif;  Energy,  report  prepared  for  the  Office  of 
Technology  Assessment  Nov  8  1993 


1.  the  Action  Plan  for  the  Prevention  of  Global 
Warming-focused  on  CO, reduction  and  an 
increase  in  the  pace  of  development  and  ap¬ 
plication  of  alternative  energy  technologies;^^ 

2.  research  under  the  New  Earth  21  Program — fo¬ 
cused  on  technological  development  and  in¬ 
ternational  cooperation  on  energy  and 
environmental  issues;^'*^  and 

3.  the  Applications  in  Neighboring  Developing 
Countries  Program — focused  on  collaborative 
research  and  application,  including  support  for 


feasibility  studies,  design,  installation,  opera¬ 
tion,  and  evaluation  of  renewable  energy  and 
environmental  technologies  in  less  developed 
countrievs/^^ 

The  total  budget  for  the  New  Sunshine  Project 
thi'ough  2020  is  $11,5  billion/^ 

PhotovoUaics  have  been  a  major  focus  of  Japa¬ 
nese  efforts.  Although,  the  budget  for  PVS  under 
the  New  Sunshine  Project  declined  from  $53.5 
million  in  1991  to  $51.8  in  1992,  the 


Sunshine  Program  Headquarters,  Agency  of  Industrial  Science  and  Technology,  “Comprehensive  Approach  the  New  Sunshine 
Program  Which  Supports  die  21  s!  Century— Sustainable  Growth  Through  a  Simultaneous  Solution  of  Energy  and  Eiiv  ironmcntal  Constraints,” 
Sunshiuf.  Journal,  No.  4,  1993;  and  Hisao  Kobiyashi,  -pV  Status  and  Trends  in  Japan,”  paper  presented  at  Snhcch  1992,  Albuquerque,  NM, 

Feb.  10-12,  1992. 

Sunshine  Program  Headquarters,  op.  cit.,  footnote  24. 

‘‘"’Nohuaki  Mori,  “Collaborative  R&D  Program  on  Appropriate  Technologies — Contribution  To  Reducing  Constraints  on  Energy  and  En¬ 
vironmental  Technologies  in  Developing  Countries,”  Sun^hne  Journal  No.  4,  1993, 

"Yo.NhihiroHamakawa."NewSun.shineProject  and  Recent  Progress  in  Photovoltaic  Technology  in  Japan,  ”  UNESCO  Solar  Energy  Sum¬ 
mit.  Paris,  France,  July  1993;  and  Ichiro  Tan sawa.  “Broad  Area  Energy  Utilization  Network  System  Project— Eco  Energy  City  Concept,’  5im- 
Khine  Journal,  No.  4,  1993. 

reviewer  reports  a  Cjcparateesii mate  of  $48.1  million,  based  on  a  budget  of  6.1  billion  yen  for  “solar  power”  quoted  in  Joint  publica¬ 
tions  Research  Service,  Foreign  Broadcast  Infomiation  Service,  JPRS-ES  r-92-037-L. May  7,  1992,  p.  46.  and  a  conversion  rate  ot  $0.007888 
per  yen  in  1992.  Linda  Branstciicr,  Sandia  National  Laboratory,  personal  communication,  April  1994. 
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overall  PV  budget  will  increase  as  a  result  of  new 
spending  by  the  Agency  of  Natural  Resources  and 
Energy  of  $9.7  million  on  initiatives  to  facilitate 
“public  use.”  In  recognition  of  the  importance  of 
reducing  balance  of  system  costs,  roughly  16  per¬ 
cent  of  the  1992  budget  is  aimed  at  systems-level 
development,  including  BOS  components  such  as 
inverters,  batteries,  and  mounting  systems.  The 
world’s  most  comprehensive  dedicated  testing  fa¬ 
cility  for  grid  interconnection  of  distributed  sys- 
tems-consisting  of  at  least  100  small  (2-kW) 
arrays-is  at  a  site  on  Rokko  Island.'* 

The  New  Energy  and  Industrial  Technology 
Development  Organization  (NEDO),”  funded  by 
the  New  Sunshine  Project,  established  a  Photo¬ 
voltaic  Power  Generation  Technology  Research 
Association  (PVTEC)  in  November  1991.  This 
semigovernmental  agency  has  26  members  repre¬ 
senting  a  broad  range  of  Japanese  industries. 
PVTEC  encourages  collaborative  R&D  among 
member  companies  as  well  as  with  other  private 
sector,  government,  and  academic  institutions. 
PVTEC’s  programs  focus  on  production  technol¬ 
ogy  of  advanced  PV  cells;  production  technology 
of  amorphous  PV  cells;  superhigh-efficiency  PV 
cells;  research  and  analysis  on  commercialization; 
and  investigation  of  the  trends  of  industry  and 
technology  in  photovoltaic  power  generation. 


supporting  research,  and  other  activities.  PVTEC 
also  seeks  to  be  a  major  base  of  effective  R&D 
overseas,  working  in  close  cooperation  with  for¬ 
eign  organizations.’! 

Japan  has  implemented  major  financial  subsi¬ 
dies  for  photovoltaics.  A  7-percent  tax  credit  has 
been  established  for  enterprises  installing  PV  sys¬ 
tems.  MITI  had  a  fund  of  $3.7  million  in  fy 
1993  for  individuals  installing  home  PV  systems 
to  obtain  loans  at  a  rate  of  4.55  percent  for  5-  or 
10-year  terms. ’’An  installer  of  a  “model  plant” 
(interpreted  to  mean  power  installations,  not 
manufacturing  facilities)  may  receive  a  subsidy  of 
up  to  50  percent  of  the  installation  cost.  In  1992, 
the  government  set  up  an  institution  to  finance  PV 
installations  at  public  facilities  such  as  schools  at 
two-thirds  of  the  total  project  cost.  A  budget  of 
approximately  $6.5  million  was  reported  for  FY 
1992^* and  $3  million  for  FY  1993.“Japan  has 
also  announced  a  plan  to  install  four  model  plants 
in  developing  countries.’” 

MITI  is  also  planning  to  support  up  to  two- 
thirds  of  the  cost  of  residential  systems.  The  pro¬ 
gram  goal  is  1,000  homes  the  first  year  and  up  to 
70,000  by  the  year  2000 ."Some  $39  million  of 
the  MITI  FY  1994  budget  was  requested  for  this 
program.  The  3-kW  systems  will  be  grid  con- 


”Dan  Shuoar,  Pacific  Gas  and  Electric  Co.,  personal  communication,  1993. 

iniiiaied  in  j  9g0  i,,  response  to  the  second  oil  crisis.  It  is  responsible  for  intensive  and  effective  promotion  of,  and  is  subsidized 
by,  the  Sunshine  Projeci.  In  1991,  NEDO’S  responsibilities  were  expanded  from  a  strict  energy  security  focus  to  include  environmental  security. 
See  Takasbi Goto. ’'Photovoltaic  R&D  Program  in  Japan  (Sunshine  Project),”  paper  presented  at  the  Sixth  International  Phoiovoliaic  Science 
and  Engineering  Conference  Proceedings,  New  Delhi,  India,  Feb.  10-14,  1992,  p.  521. 

31  Photovoltaic  power  Generation  Technology  Research  Association,  “Aiming  at  a  Major  Base  of  Research  and  Development  of  Solar 
Cells,”  Summary  Sheet,  n.d,:  Seiji  Wakuinaisu.  Photovoltaic  Power  Generation  Technology  Research  Association,  slide  presentation,  n.d. 
32.  ‘isJKDO  Support.s  Field  Test  program,  ”  NEOO  Newsletter,  August  1992. 

^^Kiyoko  Matsuyama,  Kuergy  and  Industrial  Technology  Development  organization,  personal  Communication  to  Ted  Kennedy  and 

Christine  Egan,  Meridian  Corp.,  June  1993. 

'•^NHDO  Supports  Test  Program,  Op.  cit,.  footnote  32. 

35  Matsuyama,  op.  footnote  33. 

•'^Paul  Maycock,  “Japanese  Plan  for  Global  Wanning  Stimulates  Major  PV  Initiatives,”  PV  News,  vol.  1  \  ,No.  5,  May  1992. 

■'^Foreign  Infonnation  Service,  -mITI  To  Subsidize  Household  Solar  Power  Generation  Systems,”  Padfic  Rim  Economic  Rc- 

vic\s\vol.  2,  No.  18,  Sept.  8. 1993,  p.  7. citing  Nihon Kdzat Shimhun,  Aug.  22,  1993, 
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nected,  with  excess  energy  sold  back  to  the  utiU- 
ties.""If  the  70,000-home  goal  is  achieved,  it 
would  represent  four  times  current  worldwide 
annual  production.  Firms  with  access  to  this  mar¬ 
ket  would  benefit  hugely  from  economies  of  scale 
and  learning. 

Beginning  in  April  1992,  utility  companies 
were  directed  by  the  Japanese  government  to  air 
low  grid  interconnection^^of 

systems  such  as  photovoltaics,  wind  turbines,  and 
fuel  cells  and  to  purchase  their  excess  power.  Pri¬ 
vately  generated  renewable  energy  is  purchased 
by  the  utility  at  the  highest  marginal  price  paid  by 
the  user  for  power.  This  .  anges  from  approximate¬ 
ly  160  to  240/kWh.'"  Utility  companies  have  set  a 
goal  of  2.4  MW  and  150  sites,  including  rooftops, 
offices,  and  technical  centers,  by  1995. 

Japanese  development  of  wind  systems  has  not 
been  as  aggressive  as  that  for  PV.  About  23  wind 
turbines,  totaling  3.2  MW,  were  designed  and 
installed  from  1982  through  1991  in  Japan.  Total 
capacity  additions  for  the  country  are  expected  to 
be  about  3  MW  by  1995,  and  another  7  MW  be¬ 
tween  1996  and  the  year  2000,  for  a  total  of  10 
MW.  Practical  R&D  is  conducted  by  NEDO  and 
more  theoretical  research  is  performed  by  the  Me¬ 
chanical  Engineering  Laboratory.  Resource  as¬ 
sessment  work  has  identified  more  than  20  prime 
wind  resource  sites  within  the  country.  Mitsubishi 
has,  however,  exported  about  700  of  its  250-kW 


machines  to  the  United  States,  most  of  which  were 
installed  in  California. 

EUROPEAN  mm'' 

The  European  Commission  (EC)  programs  for 
RD&D  in  renewable  energy  ai*e  conducted  by  the 
Directorate  General  for  Science,  Research,  and 
Development  (DG  XII)  and  the  Directorate  Gen¬ 
eral  for  Energy  (DG  XVII).  The  major  programs 
arc  JOULE  II  (focused  on  R&D  and  emphasizing 
photovoltaics,  wind,  and  biomass  with  a  total  al¬ 
location  of  $70.8  million'^' for  1991  -94)  and 
THERMIE  (focused  on  demonstration  and  with  a 
budget  allocation  of  $424  million  from  1990  to 
1992  and  a  proposed  budget  of  $181.8  million 
from  1993  to  1994).  The  Commission  provides 
direct  financial  support  on  a  cost-shared  basis  of 
up  to  50  percent  of  project  costs  for  R&D  and  up  to 
40  percent  for  demonstration.^^  ALTENER  is  a 
recently  proposed  program  under  the  direction  of 
DG  XVII  intended  to  focus  on  barriers  to  the  de¬ 
velopment  of  renewable  energy  .44 

U.S.  industry  competition  within  the  European 
Union  has  in  the  past  been  constrained  by  EU 
directives  that  allow  public  purchasers  in  four 
sectors  (water,  energy,  transport,  and  telecommu¬ 
nicate  ions)  to  reject  bids  that  have  less  than  half  EU 
content  by  value.  Furthermore,  if  purchasers  con¬ 
sider  non-EU  bids,  they  are  required  to  give  a 


Maycix'.k,  “Japan  Mount\  27  Year  Conscnation  and  Energy  Plan,''  PV'.Wiv.^.  vol.  I  I ,  No.  10,  October  1992. 

^^Kobiyashi,  op.  cil..  foomole  -**- 

4)  Matsuyama,  op.  cil.. 

4  ‘Formerly  the  Bufojx'an  Lvonomk  Commuoiiy,  the  name  vv  as  changed  in  Nov  ember  199.1.  This sccrion is  primarily  drawn  trom  Kennedy 
and  Egan.  op.  cit.,  footnote  10. 

Commission  of  the  European  Communities,  Directorate  General  XII  for  Science,  Research  and  Development.  "Non-Nuclear  Energy 
(JOULE  1 1)  1991-  1994/*  Information  Package,  pp.  10- 1 1;  and  Wolfgang  Pub.  "The European  Community  R&D  program  on  Photnv  oUaics.’* 
paper  presented  at  the  H)th  European  PhotovoltnicSolarKnerpyConfcrencc*.  Lisbon.  Portugal.  Apr.  1991.  p.  1369. 

and  Wind  Energy.^'  Wind  Directions.  vn\.\  I  ,  No.  3.vt  inter  1991-92. 

‘^‘■Renewables Could  Benefit  from  EC  TaxonCOT  Output,  ”  WmW/Trter^M'Vrccl/v. Aug... 24. *992:“Earopcan Carbon  Dioxide  Target  Needs 
To  Triple  Renewables UscT vol.  2.  No.  IS.  Sept.  4.  1992:  and  '“Europe  (itMsCdeari.Avvay,**  W7>W  .Vfont/dv.vol.f;.  9, 

September  1992. 
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A  photovo/taic  pumping  system  near  Ziniare,  Burkina  Faso. 

This  system  provides  dean  drinking  water,  reduces  the  labor 
of  lifting  and  hauling  water,  and  can  help  break  waterborne 
disease  cycles. 

3 -percent  price  advantage  to  goods  and  slices  of 
EU  origin  round  of  the  General 

Agreement  on  Tariffs  and  Trade  (GATT)  address¬ 
es  some  of  these  issues  and  commits  signatories  to 
follow  a  set  of  rules  specifying  open,  nondiscrimi- 
natory  procurement  practices.  It  should  be  noted 
that  EU  directives  do  allow  for  equal  treatment  to 
be  negotiated  bilaterally  or  multilaterally."*^ 

DG  VIII  (Development  Fund)  implements  an 
international  development  program  with  activi¬ 
ties  in  developing  countries.  The  projects  have 
included  photovoltaic  water  pumping  and  electri¬ 
fication  with  $1.7  million  in  funding  from  the 
EC. Donor  country  contributions,  primarily 
from  Germany  and  France,  have  increased  the  val¬ 
ue  of  this  program  to  U.S.  $10  million  to  $20  mil¬ 


lion.  In  1989,  a  project  was  initiated  within  the 
THERMIE  framework  to  install  PV  pumping  sys¬ 
tems  and  other  small-scale  applications  for  use  in 
the  Sahel  region  of  Africa,  More  than  1,300 
pumps  powered  by  600-W  to  3.5-kW  PV  arrays 
with  a  total  PV  capacity  of  nearly  2  MW  were  to  be 
installed  beginning  in  1992.  The  EC  contributed 
$39  million  for  this  program.'"'’ 

The  EC  RD&D  objectives  with  regard  to  wind 
energy  are  to  identify  the  Union’s  resources  and  to 
develop  design  and  testing  methods  with  a  focus 
on  large  machines.  Current  expenditures  are  about 
$4.85  million  per  year. 

The  EU  is  considering  a  Europe-wide  carbon 
tax  on  fossil  fuels  in  order  to  reduce  CO,  emis¬ 
sions.  Thus  far,  only  Denmark  has  passed  legisla¬ 
tion  enacting  this  type  of  tax,  although  several 
other  countries  such  as  Germany,  the  Netherlands, 
and  Italy  have  considered  similar  measures.  The 
renewable  energy  industry  in  Europe  could  bene¬ 
fit  from  a  tax  on  CO,  emissions.  It  should  be 
noted,  however,  that  European  prices  for  electric¬ 
ity  are  often  substantially  higher  than  those  in  the 
United  States  without  any  carbon  tax.  For  exam¬ 
ple,  the  price  for  electricity  in  the  industrial  sector 
in  1991  was  8,80/kWh  in  Germany  compared 
with  4.90/kWh  in  the  United  States.'"'" This  allows 
RETs  to  be  fully  competitive  at  a  somewhat  earlier 
point  in  their  development  path. 

To  preserve  competition  within  the  European 
Union,  implementation  of  a  carbon  tax  is  contin¬ 
gent  on  the  introduction  of  similar  tax  measures 
by  other  OECD  member  countries,  50  Oil  export- 


International  Commission.  The  Effects  of  Greater  Economic  Integration  Within  the  European  Community^  on  the  Unlied  States. 

USITC  Publication  2204  (Washington  DC:  July  1989). 

International  Trade  Commission,  The  Effects  of  Greater  Economic  Integration  Within  the  United  Stares:  Second  Follow-up  Report. 
USlTCPublication2318  (Washington  DC:  September  1990);  U.S.  Imemational  Trade  Commission,  The  Effects  of  Greater  Economic  Integra’ 
tionWithin  the  European  Community  on  the  United  States:  Fifth  Follow-Up  ReportAtSlTC  Publication  2628  (Washington  DC:  April  1993). 
^'^Palz.op.cit.,  footnote  42. 

S  Imamura  ct  al.,  Photovoltaic  System  Technology:  A  European  Handbook  (Bmssels,  Belgium:  Commission  of  the  European  Com^ 
munitics.  1992). 

Congress,  Office  of  Technology  Assessment,  Industrial  Energy  Efficiency,  OTA-E-560  (Washington,  DC:  U.S.  Government  Printing 
Office,  August  1993). 

5@’  Renewahles Could  Benefit  from  EC  Tax  on  CO2  Output,”  op.  cit.,  footnote 44. 
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ers  to  the  EU  have  threatened  retaliatory  trade  ac¬ 
tion  if  the  community  pushes  ahead  with  this 
proposal/' 

DENMARK” 

In  1973,  Denmark  was  99-percent  dependent  on 
imported  energy  supplies,  mainly  oil.  As  a  result 
of  new  energy  policies,  Denmark’s  annual  gross 
energy  consumption  is  lower  now  than  in  1972, 
and  its  dependence  on  imported  oil  is  less  than  50 
percent  of  the  energy  supply  .“The  Energy  2000: 
Plan  of  Action  for  Sustainable  Development  now 
serves  as  the  foundation  of  Denmark’s  energy 
policy.  *"115  goal  is  to  reduce  energy  use  and  at¬ 
mospheric  emissions  by  2005  by  reducing  energy 
consumption  by  15  percent,  CO,  emissions  by  at 
least  20  percent,  sulfur  dioxide  (SO,,  emissions 
by  60  percent,  and  nitrogen  oxide  (NOx)  emis¬ 
sions  by  50  percent.  Use  of  renewable  energy  is 
expected  to  double.  As  part  of  this  goal,  the  gov¬ 
ernment  has  committed  to  further  promotion  of 
wind  power.  The  plan  estimates  an  installed  ca¬ 
pacity  of  1,500  MW  in  2005,  corresponding  to  10 
percent  of  the  expected  electricity  consumption  .55 
Installed  wind  power  capacity  in  Denmark  is 
currently  between  670  and  730  MW;  wind  power 
supplies  approximately  2.3  to  2.6  percent  of  its  to¬ 
tal  electricity. “Wind  energy  development 


Denmark  has  followed  two  paths:  the  develop¬ 
ment  of  small  wind  turbines  through  private  ini¬ 
tiatives  on  an  individual  or  collective  basis,  and 
the  development  of  large  wind  turbines  and  wind- 
farms  by  Danish  utilities.”PV  is  not  a  major  fo¬ 
cus  of  the  Danish  renewable  energy  program. 

The  Danish  wind  energy  program  was  initiated 
in  1977.  Government  support  for  R&D  has  been 
limited.  The  RD&D  program  is  funded  by  both 
the  Ministry  of  Energy  at  $1.6  million/year  and 
the  Ministry  of  Industry  at  $2.4  million/year.  Most 
of  the  support  has  gone  to  the  Riso  Test  Station, 
with  a  small  portion  allocated  to  universities  and 
miscellaneous  RD&D  projects.  The  overall  Dan¬ 
ish  wind  program  during  the  1980s  cost  about  $95 
million. “The  Danish  government  has  opted  to 
pursue  direct  market  stimulation  in  the  form  of 
subsidies  rather  than  implement  an  extensive 
R&D  program. 

The  private  sector  has  contributed  significantly 
to  the  development  of  wind  technology,  and  rough 
estimates  suggest  that  total  private  contributions 
toward  wind  development  are  of  the  same  order  of 
magnitude  as  government  programs  .59  Additional 
support  is  provided  by  the  utilities.*"  In  December 
1985,  Danish  utilities  entered  an  agreement  with 
the  government  to  develop  100  MW  of  wind  pow¬ 
er  capacity  by  the  end  of  1990;  the  100-MW  goal 


^  ^"European  Off  icial  Raps  U.S.  Stance  on  Caxbon  Dioxide,”  W/rid  Enerf^y  Weekly,  vol.  II,  No.  493,  Apr.  13,  1992,  p.  4. 

52Thts  section  is  primarily  drawn  from  Kennedy  and  Egan,  op.  cit.,  footnote  Ifl 

•'’3FinnGodtfrcdsen.*‘Wind  Energy  Planning  in  Denmark,  ”  paper  presented  at  the  European  Wind  Energy  Association  (EWEA)  Special 
Topic  Conference  on  [he  Potential  of  Wind  Farms  in  Denmark,  Denmark,  Sept.  8-11,  1992. 

■‘‘’^Datush  Ministry  of  Energy,  “Energy  2000- A  Plan  of  Action  for  Sustainable  Development.”  April  1990:  and  ibid. 

^^Jens  Kr.  Vesierdut,  ^^ExpCriCIlCC  with  Windfarms  in  Denmark,”  paper  presented  at  the  PAVEA  Special  Topic  Conference  on  the  Potential  of 
Wind  Farms  in  Denmark,  Denmark,  Sept.  8-11,  1992. 

•“^f-BirgerT,  Madsen,  “Tlie  Danish  Wind  power  Industry,  ”  paper  presented  at  the  Wind  Power  199  !  Conference,  1991,  p.  82;  Godtfredsen, 
Op.  cit,  footnote 53;  and  ibid. 

^"^VilhcmMorup-Pcdersenand  Soren Pedersen.  ‘-Windfarm  Projects  Joint  Ventures  Between  a  Danish  Utility  and  Private  Cooperatives,” 
paper  presented  at  the  EWEA  Special  Topic  Conference  on  the  Potential  of  Wind  Fanns  in  Denmark,  Denmark,  1992. 

^^“Renew'able  Energy  is  Key  Part  of  Global  policy,  Danes  Say."  Wind  Energy  Weekly,v<fl-  f  I,  No.  480,  Jan.  13,  1992,  pp.  3-4. 

■‘‘^^Danish  Ministrv  of  Energy  i>i  Denmark:  Re.search  and  Technological  Development  (Copenhagen,  Denmark:  I 

Danl.sh  Mini.siry'O^  Energy,  -Development  of  Wind  Energy  in  Dcimurk,”  paper  presented  at  the  World  Renewable  Energy  Congress 
ii. Reading,  England,  Sept.  13-18,  1992. 


244  I  Renewing  Our  Energy  Future 


was  achieved  by  the  end  of  1992/' In  March 
1990,  the  Danish  Parliament  asked  the  utilities  to 
develop  an  additional  100  MW  of  installed  capac¬ 
ity  by  the  end  of  1993. 

Until  the  end  of  1990,  Danish  utilities  bore  30 
percent  of  the  cost  of  grid  connection  for  private 
wind  turbines  with  a  ceiling  of  $54.50/kW 
installed."' A  new  approach  requires  that  the 
sometimes  substantial  costs  of  reinforcing  the 
grid  due  to  connection  of  new  windmills  be  paid 
by  the  electric  utility  companies,  while  the  cost  of 
connecting  to  the  grid  be  covered  by  the  wind 
powerplant  owner.  This  has  been  controversial. 
For  a  time  it  appeared  that  the  utilities  would  be 
successful  in  shifting  more  of  the  cost  of  grid  con¬ 
nection  back  onto  wind  turbine  owners,  and  re¬ 
quiring  them  to  pay  65  percent  of  the  costs  of 
strengthening  the  grid,  if  necessary.  It  appears  that 
the  owners’  association  has  prevailed  in  this  battle 
since  reports  indicate  that  the  cost  of  grid  connec¬ 
tion  has  been  made  the  responsibility  of  the  utili- 

.  •  b4 

ties. 

Danish  wind  energy  incentives  were  intro¬ 
duced  approximately  10  years  ago.  Initially  each 
wind  turbine  erected  by  private  companies  re¬ 
ceived  a  government  payment  of  30  percent  of 
capital  costs.  This  subsidy  was  reduced  gradually 
as  the  costs  of  wind  energy  declined,  and  it  was 
discontinued  in  1989.  Under  this  payment  pro¬ 
gram,  approximately  2,500  wind  turbines  with  a 
total  capacity  of  205  MW  were  installed.^^In  late 
1992,  a  new  subsidy  program  to  stimulate  invest¬ 


ment  in  wind  power  was  initiated.  The  program 
guarantees  private  turbine  owners  a  buyback  rate 
equivalent  to  85  percent  of  the  pre-tax  price  at 
which  local  electricity  companies  sell  power  to 

customers,  and  it  obligates  utilities  to  purchase  the 
power  Th,  wind  power  purchase  price  ‘ill  av¬ 
erage  60/kWh.‘’^ 

Denmark  has  an  energy  tax  levied  at  4.90/kWh. 
Until  May  1992,  this  tax  was  refunded  to  renew¬ 
able  energy  power  producers  in  the  private  sector 
at  a  level  of  40/kWh.  The  tax  relief  was  structured 
so  as  to  reflect  avoided  costs.*”^The  value  of  the 
electricity  tax  was  added  to  the  payment  that  own¬ 
ers  of  wind  turbines  received  for  supplying  wind¬ 
generated  electricity  to  the  grid.*” Electricity 
produced  by  wind  turbines  owned  by  electric  utili¬ 
ties  was  not  exempted  from  taxation. 

A  private  individual  or  group  of  individuals 
pays  taxes  only  on  income  from  the  sale  of  those 
wind  power  kilowatt-hours  generated  in  excess  of 
domestic  consumption  of  electricity  with  a 
10-percent  margin.^"  Private  turbines  receive  a 
grant  amounting  to  4.30/kWh  as  part  of  a  CO. tax 
package,  replacing  the  refund  of  a  standard  elec¬ 
tricity  tax  described  above.  According  to  a  press 
release  of  the  EC,  the  combined  guaranteed  buy¬ 
back  rate  and  the  grant  “will  give  windmill  opera¬ 
tors  an  average  subsidy  of  around  55  percent  of 
building  and  operating  turbines.”  Altogether, 
$19.7  million  was  channeled  to  turbine  operators 
by  the  program  in  1992.^' 


(>iintemnuon‘d\  Energy  Agency,  WimI  Energy  Annual  Report  France:  1992). 

^‘Andrew  Garrad.  European  Wind  Energy  Association,  “Time  for  Action:  Wind  Energy  in  Europe,”  October  1991. 

63  European  Commission,  “Commission  Approves  Price  Support  for  Wind  Power,”  press  release.  Sept.  30,  1992. 
^’*‘"MinisterRules^8J*”«*J^rigleTuibincsand  for  Grid  connection  Charges,”  Wind  Power  Monthly,  vol  8,  No.  3,  March  1992. 
65American  Wind  Energy  Association,  “European  Wind  Energy  Incentives,”  Feb.  19,  1992. 

66  European  Commission,  op.  cit.,  footnote  6,3. 

^7*  Developers  Wait  Anxiouslyfor  Bmssels  Approval  Of  New  Regulations,**  wind  Power  Monf/i/>\  vol.  8.  No.  8,  August  1992. 
^’^Garrad,  op.  cit  ,  footnote  6*. 

69  Dani.sh^^i^^^^y  Energy,  Op.  Cit.,  footnote 
To]  bid.;  and  Garrad,op.  cit.,  footnote  62. 

71  European  Commission,  op.  cit.,  footnote  63. 
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Shareholders  in  wind  plants  also  reclaimed  the 
value-added  tax  (VAT)  paid  on  their  power  of  22  to 
25  percent  in  1992.  Private  owners  of  turbines 
supplying  power  directly  to  their  properties  could 
not  reclaim  the  VAT.’" 

In  1990,  the  Danish  government,  in  coopera¬ 
tion  with  Danish  wind  turbine  manufacturers  and 
two  Danish  financing  companies,  created  a  pri¬ 
vate  company  called  Danish  Wind  Turbine  Guar¬ 
antee  to  offer  long-term  financing  of  large  projects 
using  Danish  wind  turbines.  Financing  periods 
depend  on  project  value  and  run  from  8.5  to  12 
years.  The  Danish  program  will  guarantee  repay¬ 
ment  of  loans  on  Danish  wind  turbine  projects  for 
a  2. 5 -percent  premium  added  to  the  interest  on  the 
debt,  for  i  p  to  20  percent  of  the  financed  amount. 
The  price  of  the  guarantee  is  built  into  the  cost  of 
the  wind  project.  The  guarantees  are  underwritten 
partially  by  the  government  and  partially  by  the 
limited-risk  shareholder  company  set  up  to  ad¬ 
minister  them.  The  company’s  share  of  the  capital 
is  $6.38  million,  and  is  supported  by  a  guarantee 
of  U.S.  $110  million  from  the  Danish  government 
and  income  from  sale  of  the  guarantees  and  in¬ 
terest  earned  on  investment  of  the  shareholder 
capital  .73 

This  loan  guarantee  program  significantly  re¬ 
duces  the  risk  in  selecting  Danish  units  for  a  wind 
plant.  If  the  units  should  become  uneconomical  to 
operate  in  the  future,  a  comp^^  y  could  shed  the 
added  debt  service  burden.  It  is  an  attractive  tool 
to  boost  export  sales  and  has  been  used  by  the 
American  company  Zond  on  a  recently  completed 
project  in  California, "This  financing  /snot  avail  - 
able  within  the  EU,  however,  due  to  the  EU  deci¬ 
sion  that  it  was  a  form  of  unfair  competition  .75 


In  the  early  1980s.  wind  turbine  sales  were 
based  primarily  on  a  subsidized  home  market. 
During  this  time,  the  Danish  wind  industry  was 
characterizec'  by  more  than  20  small  companies 
producing  55-kW  wind  turbines.  As  of  1989,  there 
were  six  significant  manufacturers  of  wind  tur¬ 
bines  (see  table  7-5).  In  the  mid-1980s,  exports 
became  important.  Danish  wind  turbines  have 
been  installed  in  30  countries  around  the  world. 
The  market  distribution  of  Danish  wind  turbine 
exports  in  1990  was  California,  64  percent;  Ger¬ 
many,  19  percent;  Spain,  5  percent;  India,  4  per¬ 
cent;  Netherlands,  3  percent;  Swed  t,  2 jpe  -nt; 
and  others,  3  percent.’^  the  end  of  199^>  ‘ore 

than  8,300  Danish  wind  turbines  with  a  total  ca¬ 
pacity  of  approximately  840  MW  had  been 
installed  abroad.”  Development  assistance  for 
wind  energy  projects,  usually  tied  to  Danish 
equipment,  has  been  offered  by  DAN  IDA  (Danish 
International  Development  Agency)  to  various 
developing  countries  including  India,  Egypt,  Chi¬ 
na,  and  Somalia. 

FRANCE” 

RD&D  in  renewable  energy  is  the  responsibility 
of  the  Agency  for  Energy  and  Environment  Man¬ 
agement  (ADEME),  which  funds  and  coordinates 
R&D  with  programs  undertaken  by  industrial 
partners  and  other  public  organizations.  For  ex- 
a-iple,  in  collaboration  w^^h  the  state-owned  util¬ 
ity,  Electricity  de  France  (EdF),  ADEME 
sponsoring  a  program  for  20  isolated  homes  to 
generate  electricity  from  photovoltaic  panels  and/ 
or  wind  turbines.  The  FY  1993  renewable  energy 


IT'  Dani'sUscCiirbonTaxToPaytbrWind;’  Wind  Power  8,  No. 6,  June  19^2. 

"^^Mad^ieivop.  cit.,  footnote 

75soe  ibid;  and  You  Can't  Beat  Them  Join  Them.”  VV/W  Power  January  1992. 

76  iviad^cn  op.^‘^  Tootnotc56:  Danish  Ministry  of  Energy,  Op.  cit..  footnote  *’9. 

^^Godifred.scn,  op.  cit.,  fcx>tnoie 

"«This  i.s  primarily  drawn  from  Kennedy  and  Egan,  op.  cit.,  footnote  10. 
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TABLE  7-5:  Principal  Manufacturers  of  Grid-Connected  Wind  Turbines 


Turbines  produced 

Manufacturer  Country  through  end  of  1989 


US  Wlndpower 

Mitsubishi 

Vestas/DWT 

MIcon 

Bonus 

Nordtank 

Danwin 

Windworld 

HMZ/Windmaster 

Nedwind-Bouma 

Nedwlnd-Newinco 

Lagerwey 

Holec 

MAN 

Enercon 

MBB 

Elektromat 

HSW 

WEG 

WEST 

RIva  CaIzonI 

Ecotecnia 

Voest 


United  States 

Japan 

Denmark 

Denmark 

Denmark 

Denmark 

Denmark 

Denmark 

Belglum/NL 

Netherlands 

Netherlands 

Netherlands 

Netherlands 

Germany 

Germany 

Germany 

Germany 

Germany 

United  Kingdom 

Italy 

Italy 

Spare 

Austria 


3,500 

500 

2,800 

1,600 

1,250 

1,100 

300 

102 

269 

58 

68 

125 

19 

321 

35 

29 

15 

9 

27 

35  (end  of  1991) 
50  (end  of  1991) 
NA 
NA 


NA  =  not  available 

SOURCE  A  J  M  van  Wik  et  a! ,  W/rid  Energy  Status,  Constraits  and  Opportunities  (London, England  World  Energy 
Council,  Study  Group  on  Wind  Energy,  July  1992),  srtxth  draft 


budget  was  $18.7  million,  a  15-percent  increase 
over  the  1992  level  of  funding. 

In  France,  PV  is  considered  among  the  more 
promising  of  the  renewable  energy  alternatives  for 
rural  electrification  and  remote  offgrid  applica¬ 
tions.  The  year  1991  was  a  turning  point  for  the 
French  photovoltaic  R&D  program  with  the  start 
of  “PV20,”  a  new  R&D  program  that  has  the  fol¬ 
lowing  goals  for  the  year  2000:  a  20-percent  con¬ 
version  efficiency  for  crystalline  silicon  solar 
cells;  $3.50/W  (20  francs)  as  the  installed  price  of 
a  100-kW  grid-connected  plant  that  is  assembled 
and  installed  by  the  utility;  a  system  lifetime  of  20 


years  given  basic  maintenance;  and  20  MW  per 
year  manufactured  in  France.  Under  the  frame¬ 
work  of  PV20,  an  R&D  program  was  initiated  for 
the  1992-96  period. 

France  has  some  excellent  wind  resources,  but 
its  program  is  small.  France  expected  to  reach  5 
MW  of  wind  generation  capacity  by  the  end  of 
1993  and  12  MW  by  the  end  of  1994,  and  has  set  a 
target  of  500  MW  by  the  year  2005 .’’France  has 
approved  construction  of  the  country’s  first  com¬ 
mercial  wind  powerplant.  Electricity  de  France 
has  agreed  to  buy  wind-generated  electricity  from 


"^^PaulGipe.  tticRace  for  VVind, 1993, pp.  60-66 
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independently  owned  turbines.  EdF  will  now  pay 
an  average  of  60/kWh.  EdF  will  also  assist 
ADEME  in  mapping  the  country’s  wind  resource 
as  well  as  identifying  sites  for  future  plants. 

GERMANY®" 

Germany  spends  more  on  renewable  energy  than 
any  other  country  in  Europe.  In  1992,  its  federal 
budget  for  renewable  energy  was  approximately 
$216  million;  this  does  not  i  include  spending  by 
the  states,  which  is  substantial  for  some  technolo¬ 
gies  such  as  wind  energy.  The  national  renewable 
program  is  focused  on  solar,  v  ';»d,  and  biomass 
energy  technologies,  with  a  strong  bias  toward 
PV.  In  1992,  the  government  spent  $65.4  million 
on  RD&D  in  PVs" '  compared  with  $17.6  million 
on  wind.  The  government  program  is  supplement¬ 
ed  by  substantial  state  (up  to  30  percent  of  a  proj¬ 
ect’s  total  cost  in  Bavaria*’)  and  utility  support,  as 
well  as  other  financial  support.  This  financial  sup¬ 
port  includes  credits/loans  through  the  Energy 
Savings  Program  and  the  Credit  Program  To  Pro¬ 
mote  Community  Investment:  and  the  "Law  on 
Supplying  Electricity  to  the  Public  from  Renew¬ 
able  Energy  Sources,”  which  requires  public  pur¬ 
chase  and  compensation  for  electricity  generated 


by  small  wind  or  solar  systems  at  a  rate  of  at  least 
90  percent  of  the  consumer  price.” 

The  Law  on  Supplying  Electricity  has  had  the 
effect  of  raising  the  national  tariff  for  wind  and  PV 
paid  by  the  utilities,  from  70-  to  11  0kWh.**Com- 
pensation  at  these  rates  is  not  required  if  it  can  be 
proven  to  cause  ”.. .  undue  hardship  or  prevent  the 
electric  companies  from  meeting  their  federally 
mandated  obligations.  Undue  hardship  exists  if 
the  electric  company  must  raise  its  prices  signifi¬ 
cantly  above  the  market  rate.”” 

In  November  1990,  the  federal  government  es- 
taV'lished  a  goal  of  decreasing  C0,emissions  by 
25  to  30  percent  from  the  1987  level  by  the  year 
2000,  which  could  stimulate  the  use  of  renew¬ 
ables.**  A  proposal  has  been  introduced  to  initiate 
a  COjtax  on  conventional  energy  sources;  this  has 
been  postponed  pending  development  of  related 
initiatives  by  the  EU.*’ 

The  German  PV  program  is  strongly  R&D-ori- 
ented  but  has  begun  to  focus  more  on  demonstra¬ 
tion  projects,  which  increased  from  5  percent  of 
the  PV  budget  in  1989  to  16  percent  in  1991.  The 
“  1,000  Roof  program,  initiated  in  1990,  is  a  dem¬ 
onstration  project  that  is  expected  to  result  in 
2,250  systems  of  1  to  5  kW  capacity  on  roofs  of 


from  Kennedy  anil  IlSiin.  Op.  Cll..  foOinOlC  I  0. 

Hi  A.RaubcranclK.  Woilin."Phoi<>M)llaii.  R&D  in  the  Federal  Republic  of  Germany”  paper  presented  at  the  6th  rmcmational  Photos  oltaic 
Science  and  Ennincering  Conference.  Ness  Delhi,  India,  Feb.  Ht-  12,  1992,  p.  529. 

- Bavaria '-‘P ^  W/rid  l>owfrM(ifUhly.yi>l.i.Nn.l.  July  1992. 

’‘  'Compensation  for  hydropovset. municipal  solid  ss  aste.  and  agricultural  and  forestry  residues  must  be  at  least  75  percent  ot  the  average  rate 

per  Icilosvatt-hour  paid  by  consunserx. 

I‘'‘rpcrman  FcdcralM  inisiry  of  Research  and  Technology,  -i  on  Supplying  Electricity  to  tlie  Ihtblic  from  Renewable  Energy  Sources 
(Electricity  Supply  Law),”  translation  in  summ.ary  of  German  Go\  cniruent  Document  No.  66090,  Oct.  5,  1990:  American  Wind  Energy 
.Assiviation.  op.  cit.,  footnote  65;  and  P.  Mann  et  al'..  "160  250  MW  Wind  Energy  Program  in  Germany,”  paper  presented  at  the  Wind  Energy 
Technology  and  Implementation  European  Wind  Energy  Conference,  Amsterdam,  The  Netherlands,  1991. 

R5pj^P„,,n  Federal  Minislrv  of  Kesearch  and  Technology,  op.  cit..  footnote 

HuTbe  citiycnx  group  Gernianys  aich  (estahiislicd  to  monitor  German\ 's  action  on  env  ironmem  ;md  dcs  clopmcnl  issues )  released  a  study  on 
April  7,  1992.  that  stated  that  the  country  would  fall  short  of  stated  goals  for  reduction  of  COj  emissions  and  predicting  that  Germany  will 
achieve  CDs  emission  cuts  ot  only  10  percent  by  the  year  2tK)5.  See  “Germany  Won’t  Achieve  Goal  Environmental  Group  Says,"  W/W  E/it'rgv 
WeMy.vnl.  II.  N(i.494,Apr.  2l),l992.pp.  5-6. 

X7  A  nninRauber.  Fraunhofer  Institute  of  .Solar  Energy,  famsonal  communication  to  Ted  Kennedy  andChristincEgan.Aug.l8.1992. 
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private  homes.  Participants  receive  a  direct  feder¬ 
al  subsidy  of  50  percent  in  the  western  states  and 
60  percent  in  the  new  eastern  states.  Approximate¬ 
ly  20  percent  of  the  cost  of  the  system  is  subsi¬ 
dized  by  state  governments.™  A  limit  has  been  set 
to  a  total  subsidy  of  70  percent  of  the  system  cost. 
This  grid-connected  application  also  allows  own¬ 
ers  to  sell  unused  power  to  the  utility  at  120/kWh. 
The  program  is  accompanied  by  a  comprehensive 
measurement  and  evaluation  program.  The  budg¬ 
et  for  the  “1,000  Roof  program  from  1990  to 
1995  is  approximately  $55  million.  This  figure  is 
incorporated  in  the  Federal  Ministry  of  Research 
and  Technology  (BMFT)  annual  budget  figures. 
As  of  January  31,  1992,  this  program  was  opened 
to  non-German  manufacturers  within  the  EU  with 
the  appropriate  business  permits.™  Interest  in  the 
program  was  very  high,  but  reportedly  moderated 
in  1993. 

The  development  of  wind  power  has  been  sup¬ 
ported  by  BMFT  since  1975  through  cost-shared 
wind-related  RD&D.  Germany  has  a  national  goal 
of  1,000  MW  of  installed  wind  power  capacity  by 
2000.  The  installed  wind  power  capacity  at  the 
end  of  1991  was  110  MW,  which  had  increased  to 
333  MW  by  January  1994.’" BMFT  provides 


approximately  50  percent  of  the  total  cost  of  all 
wind-related  RD&D  projects,  with  additional 
funding  provided  by  the  states  and  the  EU.’' 
These  figures  exclude  the  250-MW  demonstra¬ 
tion  program,  which  was  reportedly  allocated  a  to¬ 
tal  budget  of$215  million.'” Wind  also  receives  a 
100/kWh  incentive  for  grid-connected  machines 
and  additional  subsidies  from  several  states.  Other 
initiatives  are  expected.’" 

Under  the  “250-MW”  demonstration  program, 
wind  installations  are  subsidized  either  through  a 
price  incentive  of  3.7 @  to  50/kWh“or  a  one-time 
capital  investment  grant  of  up  to  60  percent  of  the 
facility  cost’^By  May  1991,  more  than  2,300  ap¬ 
plications  for  4,200  systems  with  a  total  capacity 
of  520  MW  had  been  submitted.’“By  the  end  of 
July  1992,  545  turbines  representing  an  installed 
capacity  of  89  MW  were  operating  under  the  gov¬ 
ernment  program.  Some  690  turbines  had  been 
installed  as  of  December  1992  under  the  program, 
with  a  capacity  of  approximately  110  MW.”  As  of 
March  1993,  expenditures  for  the  250-MW  pro¬ 
gram  totaled  $24.6  million.’* 

Special  low-rate  bank  loans  from  two  central 
pools  contribute  significantly  to  wind  power’s  fi- 


^•'Oennan  Federal  Ministry  for  Research  and  Technology,  “Extension  of  Deadline  for  Applicants  from  the  New  Gennan  States  for  the 
1000-Roofs  Photovoltaics Program,”  pressrelease,  Jan.  31,  1991;  and  Rauberand  Wollin.op.  cit.,  footnote  81. 

*^Ibid. 

90  Randy  Swisher,  American  Wind  Energy  Association,  personal  communication.  May  1994. 

^'iniemationalEnergyAgency,  Wind  Energy  Annual  Report  (Piiis,  France:  1991). 

9Jlniemational  Energy  Agency,  op.  cit.,  footnote  61;  “Guidelines  for  the  Promotion  of  Wind  Turbines  Under  the  2.SC  MW  Program  and 
Within  the  Framework  of  the  Third  Program  for  Energy  Research  and  Technology,”  translation  in  summary  of  the  German  Government  docu¬ 
ment,  Feb.  22,  1991. 

Pipeline..*  Power  Monthly,  vol  8.  No.  7,  July  1992. 

94^„opcratof  of  d  stand-alone  machine  receives  5^/kWh  for  power  consumed  by  the  Operator,  and  operators  of  grid-connecied  turbine.s 
receive  3.7c/kWh.  as  well  as  the  compensation  paid  by  the  utility  equal  to  iCW./kWh.  Payment  of  this  incentive  ceases  when  the  sum  of  the 
avoided  electricity  costs,  electricity  sales,  and  public  subsidies  (including  those  of  the  EC)  reaches  double  what  it  cost  to  build  the  wind  energy 
facility. 

^^Mann  el  al.,  op.  cit.,  footnote  84. 

‘-^'^GermanFederalMinisiry  of  Research  and  Technology,  “Promotion  of  Wind  Energy  by  the  Federal  Ministry  of  Research  and  Technolo¬ 
gy,”  translation  in  summary  of  the  German  Goveniment  document,  March  1993. 
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nancial  support.  Kredistanstalt  fur  Wiederaufbau 
and  Deutsche  Ausgleichsbank  operate  behind  the 
scenes  to  offer  credit  schemes  for  wind  power  de¬ 
velopment,  resulting  in  interest  rates  as  low  as  8 
percent’^  compared  with  standard  rates  of  around 
15  percent  (as  of  July  1992;  assumed  to  be  the 
nominal  rate)  or  a  rate  subsidy  of  nearly  half.  Bor¬ 
rowing  procedures  are  simple,  and  loans  often 
come  through  faster  than  planning  permission. 
The  bank  assumes  the  risk  in  exchange  for  the  1 
percent  interest  rate  it  levies,  ’m 

International  development  is  supported  under 
the  five-year  Eldorado  Program  initiated  in  Octo¬ 
ber  1991,  which  provides  for  wind  and  PV  energy 
projects  in  developing  countries  through  invest¬ 
ment  subsidies  with  a  maximum  of  70  percent  of 
the  equipment  price.  German-based  manufactur¬ 
ers  and  suppliers  of  plants  and  systems  are  eligi¬ 
ble.  '"'The  subsidies  are  granted  directly  to  the 
manufacturer  of  the  equipment  rather  than  the 
project  operator,  with  the  hope  that  the  manufac¬ 
turer  will  be  more  likely  to  protect  its  reputation, 
and  the  reputation  of  the  technology,  by  making 
sure  the  project  succeeds.  '"‘Transportation  from 
Germany  to  the  site  is  subsidized  70  percent,  and  a 
scientific  measuring  and  evaluation  program  is 
supported. As  of  February  1993,  six  Eldorado 
Wind  projects  with  a  total  capacity  of  4.5  MW  had 
been  contracted  with  Chinese,  Brazilian,  Russian, 
and  Egyptian  counterparts  and  one  Eldorado  Sun 
project  was  supported  in  the  Peoples  Republic  of 
China,  including  four  PV  pump  systems  of  4.8 
kW,  four  battery  chargers  without  inverters  (1.1 


In  the  state  of  Ceara  in  northeast  Bra^.i  le  village  of 
Cardeiros  has  been  the  site  of  early  PV  depicyments  The 
photo  shows  the  village  school  with  individual  Pv  power 
systems  for  lighting  and  TV.  refrigeration,  street  lighting,  and 
water  pumping. 

kW),  and  16  battery  chargers  with  inverters  (43.8 
kW) 

ITALY^” 

In  1988,  all  the  existing  nuclear  powerplants  in 
Italy  were  shut  down  and  all  plans  for  the 
construction  of  new  nuclear  facilities  were 
halted.  ‘"^Renewable  energy  is  viewed  as  the 
most  plausible  option  for  decreasing  dependence 
on  imported  fossil  fuels  and  protecting  the  envi¬ 
ronment,  The  Italian  National  Energy  Strat  gy 
(PEN)  sets  national  goals  for  the  installed  capacity 
of  renewable  energy.  For  PVs,  goals  of  25-MW 
installed  capacity  by  1995  and  50-  to  75-MW 


9‘)R3tesaTe  typi^'alK  7  to  7.5  percent,  with  ;i  1  -percent  loan  origination  fee. 

'financial  Packaging."  Wimf  Power  Monthly,  vol  KNo.  7,  July  1992. 
ifV.  German  Federal  Ministry  of  Research  and  Technology,  “Guideline  for  the  Promotion  of  Piloting  Wind  Power  Phnt.s  Under  Vanous  Cli¬ 
mactic  Conditions,  ”  translation  in  summary  of  the  German  Government  document,  Oct.  23,  1991. 

^■’2-Seekmg  New  Horizon?,,  "  WinJpower  .XfonihJy.  vol.  8,  No.  i,  January 

l^'^GcrmariFedera]  Minislrvof  Research  and  Technology.  “The  Eldorado  Tc.st  and  Demonstration  of  Wind  ;mtiPhoto\<dt;iic  .Systems  Un¬ 
der  Different  Climactic  ConditionN,"  n.d.;  “Staying  Power  Needed  To  Reach  El  Dorado,”  Wind  01.8.  No.  9,  September  1992; 

and  “German  Wind  Power  in  Brazil,”  Solar  Pnerny  Intellij^ence  Report,  vol  19,  No.  3.  February  1993. 
i^^'^This  section  is  drawn  primarily  from  Kennedy  JindF.gan,Op.cii..fwnnoielO- 

’O-^'niemoratiuium  ended  in  December  1992.  but  it  is  unclear  whether  the  industry  will  be  revived.  Branstetier.op.  csr..  footnote  28. 
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installed  capacity  by  2000  have  been  outlined. 
When  the  goals  were  established  in  1991,  the 
installed  capacity  was  3  MW.  For  wind  power, 
PEN  has  established  a  target  of  300  to  600  MW  by 
the  year  2000, with  an  interim  goal  of  60  MW 
of  installed  capacity  by  1995.  "’^In  December 
1992,  Italy’s  wind  generating  capacity  was 
approximately  6  MW,  another  14  MW  were  under 
construction,  and  nearly  20  MW  were  expected  to 
be  in  operation  by  the  end  of  1993. 

The  Italian  renewable  energy  program  is  a  joint 
effort  of  the  Agency  for  Research  and  Develop¬ 
ment  on  Nuclear  and  Alternative  Energies 
(ENEA)  and  the  National  Electricity  Board 
(ENEL).  In  1989,  ENEL  launched  a  demonstra¬ 
tion  program  including  two  major  initiatives:  test¬ 
ing  of  Italian  turbines  and  foreign  turbines  side  by 
side  in  a  marine  environment  at  the  Alta  Nurra  test 
site  and  in  mountainous  terrain  at  the  Acqua 
Spruzza  test  site;  and  development  of  two  full- 
scale  windfarms  (each  equipped  with  40  machines 
supplied  by  Italian  manufacturers),  one  in  Monte 
Arci  in  Sardinia  and  another  at  Acqua  Spruzza. 
ENEA  carries  out  the  bulk  of  the  PV  R&D  activi¬ 
ties,  with  a  focus  on  research  into  innovative  ma¬ 
terials  and  devices.  ENEL  works  with  ENEA  on 
systems  development  and  demonstration  pro¬ 
grams. 

RD&D  initiatives  are  supplemented  by  Law 
No.  10  passed  on  January  9,  1991,  which  deter¬ 
mined  the  use  of  renewable  energy  to  be  in  the 
“public  interest”  and  provides  for  grants  to  public 
authorities,  private  companies,  and  state  organiza¬ 
tions.  For  wind  turbines  or  windfarms  with  a  ca¬ 
pacity  of  3  MW,  investment  subsidies  of  up  to  30 
percent  of  the  capital  expenditure  are  available. 
For  PVs,  subsidies  of  up  to  80  percent  of  the  capi¬ 
tal  expenditure  are  available  for  isolated  houses. 


Demonstration  plants  in  both  technologies  are  eli¬ 
gible  for  a  50-percent  subsidy.  A  similar  subsi¬ 
dy,  limited  to  rural  residences  inhabited  by  those 
engaged  in  agriculture,  was  contained  in  a  pre¬ 
vious  law  instituted  in  1982.  Significant  results 
came  of  this  support,  including  the  electrification 
of  4,100  rural  dwellings  and  a  total  installed  ca¬ 
pacity  of  1,850  kW  of  PV  systems. 

In  June  1992,  the  Interministerial  Committee 
on  Prices  passed  a  new  law  on  the  price  paid  by 
ENEL  for  electricity  produced  by  renewable  ener¬ 
gy.  New  PV  equipment  can  now  receive  20  @  to 
280/kWh,  and  new  wind  equipment  can  receive 
14@  to  170/kWh.  Payment  is  determined  by 
whether  the  power  is  dedicated  to  the  grid  or 
whether  only  excess  capacity  is  provided,  and  is 
adjusted  further  for  peak  or  offpeak  production 
and  capacity  factors, 

NETHERLANDS^^° 

The  wind  energy  program  in  the  Netherlands  in¬ 
cludes  RD&D  supported  by  the  Ministry  of  Eco¬ 
nomic  Affairs  through  the  Netherlands  Agency 
for  Energy  and  the  Environment.  It  also  includes 
direct  funding  of  reseai'ch  institutions  such  as  the 
Netherlands  Energy  Research  Foundation. 

The  Integral  Wind  Energy  Plan  (IPW),  which 
was  in  existence  from  1986  to  1990,  was  the  first 
government  program  to  engage  in  direct  market 
stimulation  in  the  form  of  capital  cost  incentives 
based  on  installed  kilowatts.  In  1989,  the  invest¬ 
ment  subsidy  was  between  37  and  45  percent  of 
the  project  cost,  with  a  maximum  of  $600  to 
$740/kW  installed.  In  1990,  the  subsidy  was  re¬ 
duced  to  35  to  40  percent,  with  a  maximum  of 
$545  to  $600/kW,  In  both  cases,  the  percentage 
depended  on  the  nonprofit  or  for-profit  status  of 


^^American  Wind  Energy  Association,  op.  cit.,  footnote  65. 

^^^'‘Iinlian  Federal  Wind  Program  Begins  To  Gather  Momentum,”  Wind  Energy  Weekly,  vol.ll,iVo.  525,  Dec.  7, 1992,  pp.  2-4. 

lO^G.  Ambrosini  et  a].,  “Program.s  for  Wind  Energy  Exploitation  in  Italy:  A  Progres.s  Report,”  paper  presented  at  the  Windpower  1991  Con¬ 
ference,  Palm  Springs,  CA,  Sept.  24-27,  1991;  “Renewable  Energy  Incentive  Gets  Approval,”  Wind  Directions,  winter  1991. 

•  section  is  drawn  primarily  from  Kennedy  and  Egan,  op.  cit.,  footnote  J  0. 
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the  company.  An  environmental/low-noise-pollu- 
tion  subsidy  was  offered  in  the  amount  of  $55/kW 
installed  in  1989  and  $27/kW  installed  in  1990.  In 
1990, $25  million  was  available  through  the  IPW 
program,  '"a  total  of  127  MW  of  wind  power  ca¬ 
pacity  was  installed  under  this  program:  58  per¬ 
cent  by  utilities,  24  percent  in  commercial 
applications  (including  farming),  14  percent  by 
private  investors,  and  4  percent  by  family  coop¬ 
eratives.  “'Total  wind  capacity  in  1992  was  ex¬ 
pected  to  be  130  MW. 

In  January  1991,  the  Application  of  Wind  Ener¬ 
gy  in  the  Netherlands  (TWIN)  program  was  initi¬ 
ated.  TWIN  is  ^  ised  on  the  official  government 
position  developed  in  the  Energy  Conservation 
Policy  Paper  and  the  National  Environmental 
Policy  Plan,  which  together  set  ambitious  goals 
for  energy  conservation  and  supply  diversifica¬ 
tion.  These  include  the  development  of  1,000  MW 
of  wind  power  by  the  year  2000,  with  $300  mil¬ 
lion  allocated  to  the  first  400  MW,  to  be  followed 
by  additional  support  for  the  remaining  600  MW. 
A  goal  of  2,000  MW  of  installed  wind  power  ca¬ 
pacity  by  2010  is  outlined.  Most  of  the  funds  for 
wind  power  development  are  provided  by  the 
Ministry  of  Economic  Affairs  ($22.29  million  in 
1992),  and  the  Ministry  of  Housing,  Physical 
Planning  and  the  Environment  ($820,000  in 
1992). 

Technological  development  ’s  conducted  under 
TWIN  to  ensure  continuing  product  development, 
with  a  goal  of  a  30-percent  improvement  in  the 
price  performance  ratio  and  an  electricity  cost  of 
140/k:Wh.  Wind  turbine  owners  in  the  TWIN  pro¬ 
gram  receive  a  capital  cost  subsidy  of  up  to  40  per¬ 
cent  as  determined  by  the  rotor  swept  area.  A 
bonus  payment  from  the  Environment  Ministry  is 
offered  for  low-noise  wind  turbines  "’and  for  tur¬ 


bines  sited  in  specially  approved,  less  environ¬ 
mentally  sensitive  areas.  Additionally,  50  percent 
of  the  cost  of  feasibility  y  studies  can  be  covered,  up 
to  $31,250.  Information  dissemination,  outreach/ 
education,  assessment  of  the  existing  program 
against  international  and  market  developments, 
and  promotion  of  international  cooperation  are 
also  conducted  under  TWIN. 

The  utility  sector  has  developed  an  Environ¬ 
mental  Action  Plan  to  install  250  MW  of  wind 
power  in  the  Netherlands  in  1991-95.  The  eight 
power  distribution  companies  combined  to  form 
an  organization  called  the  Windplan  Foundation 
with  plans  to  construct  most  of  the  1,000-MW 
goal  of  the  TWIN  program.  The  objectives  of 
Windplan  are  the  coordination  of  a  combined  in¬ 
vestment  program  of  250  MW  of  windfarms  with¬ 
in  the  next  five  years,  coordination  of  a  purchasing 
program  for  wind  turbines,  and  support  of  the  de¬ 
velopment  of  wind  turbine  technology.]  ‘4  In  addi¬ 
tion,  the  utilities  pay  tariffs  to  turbine  owners 
ranging  approximately  from  6.8  @  to  10.60/kWh 
depending  on  the  province. 

The  power  distribution  company  for  the  Neth¬ 
erlands  provinces  of  Gelderland  and  Flevoland, 
PGEM,  has  more  than  doubled  the  tariff  it  pays  for 
wind  power  to  private  owners  of  turbines  up  to  3 
MW.  Beginning  in  1993  for  a  period  of  10  years 
the  utility  will  pay  new  installations  8.80/kWh. 
The  new  policy  of  PGEM  apparently  offers  sup¬ 
port  to  the  Association  of  Private  Wind  Turbine 
Owners  (PAWEX).  PAWEX  is  in  the  midst  of  a 
drawn-out  conflict  with  the  Association  of  Dis¬ 
tribution  Companies  (VEEN)  over  the  tariffs  paid 
for  wind  power  in  the  Netherlands.  VEEN  claims 
that  3,5@  to  3.70/kWh,  the  equivalent  of  the  cost  of 
fuel  saved  by  the  use  of  wind  power,  is  a  fair  rate. 


*  ’  *  Joe  BeursWens.  “Wind  Energy  in  the  Netherlands,”  compiled  tor  the  1990  Annual  Report  ot  the  International  Energy  Agency,  Large- 
Scale  Wind  Energ>  Conversion  Systems  Executive  Committee,  1990. 

Ji-  Ainerican  Wind  Energy  Association,  op.  cit.,  footnote  65. 

'"Pn  sate  DcvcIoiK'fs  Granted  Larger  Share  of  Subsidy  Cake/’  Wind  Powfr  Monthly,  val.  S.iVrj.  2,  February  1992. 
t  1  -^OTA  has  received  s^ord  that  Windplan  prOgrano  had  been  substantially  cm  back,  buideraiis  arc  not  available. 

'  ‘  ^-Gne  Hiousand  fixtra  Turbines  in  Four  Years,”  -wind  D  treahns,  winter  1 99  L 
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Kenetech  Windpower.  tnc..  33M-VSwind  turbines  on  Cowley 
nidge  in  Albertu  Canada. 


PAWEX  wants  the  utilities  to  also  pay  for  the 
avoided  cost  of  environmental  damage  and  claims 
that  a  tariff  of  10.60/kWh  would  be  more  reason¬ 
able.  The  conflict  is  now  in  arbitration.  Until  De¬ 
cember  1991,  PGEM  followed  the  VEEN 
guidelines,  but  it  has  changed  its  policy  to  “ex¬ 
press  its  appreciation  for  the  environmental  ad¬ 
vantages  of  wind  power.  ”  Members  of  VEEN  in 
Friesland  and  PEN  in  Noors  pay  60  and  80/kWh, 
respect  ivel  y. 

An  estimated  25  MW  will  also  be  installed  by 
private  investors  in  1991-95.117  Opportunities  for 
wind  turbine  installation  by  private  individuals 
were  significantly  improved  in  1992,  following 
changes  in  the  regulations  governing  wind  power 
subsidies. 


Of  the  250  MW  of  wind  capacity  Windplan  in¬ 
tends  to  install,  it  invited  non-Dutch  manufactur¬ 
ers  to  bid  for  only  80  MW,  providing  Dutch 
companies  a  significant  advantage.  It  is  not  clear 
how  this  action — with  more  than  2,600  turbines 
installed  in  the  Netherlands,  none  imported  as  of 
1991 — fits  within  the  framework  of  EU  regula¬ 
tions.'" 

Kenetech-U.S.  Wind  Power,  a  privately  held 
American  company,  has  signed  a  contract  to  build 
and  operate  25  MW  of  wind  energy  turbines  for  a 
utility  in  the  Netherlands.  U.S.  Wind  Power  will 
finance,  install,  and  operate  the  turbines  and,  un¬ 
der  a  power  purchase  agreement,  will  sell  its  out¬ 
put  of  60  million  kWh  of  electricity  a  year  to  NV 
Energiebedrijf,  which  serves  the  provinces  of 
Gronigen  and  Drenthe.  The  machines  are  sched¬ 
uled  to  be  online  by  the  end  of  1994.  Actual 
construction  may  be  performed  by  a  Dutch  com¬ 
pany  rather  than  Kenetech’s  construction  subsid¬ 
iary,  but  no  transfer  of  technology  is  presently 
planned. 

SWITZERLAND 

In  September  1990,  Switzerland’s  citizens  voted 
for  a  three-pronged  energy  policy:  a  moratorium 
was  declared  on  the  construction  of  new  nuclear 
plants  for  10  years;  existing  nuclear  plants  were  to 
continue  to  operate;  and  the  Federal  Ministry  of 
Energy  and  the  states  (cantons)  were  given  a  man¬ 
date  to  pursue  a  more  intensive  energy  policy  pro¬ 
moting  conservation  and  renewable.  As  a  result, 
an  action  plan,  “Energy  2000,”  was  initiated.  As 
of  early  1993,  funds  had  not  been  allocated  specif¬ 
ically  to  the  Energy  2000  program,  and  it  is  not  yet 
clear  what  initiatives  will  be  developed  for  PV  or 


1  Rate  of  Pay/’  W/rid  Power  ,Monih}y\vol.  ^.No,  1,  February  1992. 

I Luke„ and  ft,  (IcBruiine. Netherlands  AgCTic)  for  Eiicrj^y  and  the  En\  ironmcr.l,  “r/««  Netherlands  Wind  Energy  Stimulation  Program: 
The  Success  of  a  Continuous  Effort,”  paper  presented  at  the  Wind  Energy  Technology  and  Implementation  European  Wind  Energy  Conference, 
Amsterdam,  1991. 

!  I  TTiousand  Extra  Turbines  in  Four  Years,”  op.  cit.,  footnote  1 1 5. 

‘  Supply  Wi ndpONver  lo  N etherl and s  U lility,”  Solar  A>ier.i>  v  IntclUi^cnce  Report,  vol.  1 8,  No.  1 4,  July  1 3.  J 992. 

section  is  drawn  primarily  from  Kennedy  and  F.^an.^p.  cif.,  footnote  10. 
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wind  power.  The  budget  will  be  allocated  annually 
by  Parliament,  and  the  necessary  funding  is  esti¬ 
mated  to  be  approximately  $777  million.  This  is 
expected  to  be  covered  by  the  federal  government 
in  the  form  of  incentives,  as  well  as  by  the  private 
owner.  Subsidies  of  30  to  50  percent  of  the  capital 
cost  of  systems  would  appear  to  be  necessary. 

Switzerland  stated  goal  is  for  renewable  ener¬ 
gy  to  provide  3  percent  of  the  thermal  energy  and 
0.5  percent  of  the  electric  energy  the  country 
needs  by  the  year  2000.  A  complementary  goal  of 
50  MW  of  installed  PV  capacity  by  the  year  2000 
has  also  been  set.  Photovoltaic  R&D  expenditures 
have  risen  from  $5.2  million  in  1^90  to  $8.64  mil¬ 
lion  in  1992,  but  were  expected  to  decrease  to 
$5.05  million  in  1993. 

As  a  result  of  the  energy  utilization  resolution 
passed  by  the  Swiss  Parliament  in  December 
1990,  public  power  companies  are  obliged  to  pur¬ 
chase  the  electrical  energy  produced  by  inde¬ 
pendent  power  producers  using  PV,  wind, 
cogeneration,  and  micro-hydroelectric  power  sta¬ 
tions  and  to  reimburse  them  at  an  “appropriate 
rate.  ”  For  renewable  energy  power  generation,  the 
purchase  price  is  based  on  the  marginal  cost  of 
new  domestic  installations.  Remuneration  of  be¬ 
tween  21  @  and  290/kWh  “is  possible.  ”121  Scat¬ 
tered  canton  support  in  the  form  of  attractive 
buyback  rates  and  installation  incentives  has  been 
reported,  although  there  does  not  appear  to  be  a 
uniform  policy, 

The  government  parties  have  reached  a  verbal 
agreement  to  impose  a  resource  or  energy  tax  to 


encourage  the  use  of  renewable.  However,  the 
rapid  introduction  of  a  CO.-energy  tax  is  restricted 
by  the  need  to  find  a  consensus  with  the  EU.  Con¬ 
sequently,  it  is  unlikely  to  be  introduced  soon. 

A  fund  exists  for  PV  installations  in  govern¬ 
ment-owned  buildings,  such  as  military  camps, 
railway  stations,  and  post  oftices.  Since  Septem¬ 
ber  1992,  the  Swiss  government  has  supported  PV 
grid-connected  installations  for  schools  with  a 

payment  of  $4,000/kW, 

UNITED  KINGDOM^'' 

"i  he  British  Department  of  Trade  and  ^  "dustry  has 
a  series  of  regional  planning  studies  under  way  to 
assist  local  authorities  in  identifying  the  renew¬ 
able  energy  potential.  Although  the  United  King¬ 
dom  is  considered  to  have  the  best  wind  resource 
in  Europe,  relatively  few  wind  turbines  had  been 
installed  until  recently.  High  taxation  on  indepen¬ 
dent  power  production  and  low  buyback  rates 
throughout  the  1980s  hindered  large-scale  wind 
power  development.  "The  completion  of  Eng¬ 
land’s  first  commercial  wind  powerplant,  a  2-MW 
installation  at  Delabole  in  the  southeastern  county 
of  Cornwall,  brought  total  wind  capacity  in  the 
United  Kingdom  to  12  MW. ''^Proposals  for  16 
large-scale  windfarms  amounting  to  130  MW 
were  granted  power  purchase  contracts  and  plan¬ 
ning  permission  in  mid-1992.126  By  the  end  of 
1992,  30  MW  of  wind  power  capacity  were  ex¬ 
pected  to  be  in  operation,*'^ and  an  additional  100 
MW  were  under  development,  to  be  operational  in 


’•  ''T.Nor(Jiniii;/‘Photo\  volrriics  Applications  in  Switzerland,  ”  paper  presented  at  the  11  ih  European  Photovoltaic  Solar  Energy  Conference, 
Montreux.  Switzerland,  Oct.  16,  1992. 

is  primarily  drawn  from  Kennedy  and  Egan,  op.  cit.,  footnote  10. 

>‘^Pc ter  .Musgrovc  and  David  Lindlcy/' Wind  Farm  Developments  in  [he  D.K,.  paper  pTCscnied  at  the  European  Wind  Eitcray  Conference. 
Amsterdam.  The  Netherlands\,  1991, 

i  ^5- British  Renewables  Budget  Frozen,”  Wind  Power  Monthly,  vol  8,  No.  3,  March  1992. 

'^^■•OrcalOak.s  from  NFFO  Acorns,”  Wind  Power  Monrh}y,\ol8.  No. 5.  Mavl992. 

j  ^\Anc!rcw  Garrard  of  GarradHa.ssan.  persona]  communication  with  Ted  Kennedy  and  Christine  Egan,  Meridian  Corp.,1993. 
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1993, making  the  British  market  the  largest  in 
the  world  in  1992. 

Photovoltaic  efforts  have  not  fared  as  well.  A 
budget  of  about  $4  million  is  dedicated  to  solar  en¬ 
ergy  overall,  but  there  is  no  official  budget  for  PV. 
In  1989-90,  an  assessment  of  the  prospects  for  PV 
power  generation  in  the  United  Kingdom  was  un¬ 
dertaken  by  the  Energy  Technology  Support  Unit 
(ETSU).  In  response  to  this  action,  a  number  of 
leading  authorities  on  PVs  have  sBtup  the  British 
Photovoltaic  Association. 

In  1990,  the  British  power  industry  was  privat¬ 
ized,  and  the  government  developed  the  Non-Fos¬ 
sil  Fuel  Obligation  (NFFO),  which  required  the 
purchase  of  specified  amounts  of  power  from  non¬ 
fossil  sources.  This  was  done  in  part  to  ensure  that 
the  industry  continued  to  buy  output  from  the  nu¬ 
clear  stations  (despite  their  higher  costs  compared 
with  fossil  fuels),  but  it  has  also  provided  an  impe¬ 
tus  to  the  development  of  some  renewable  energy 
technologies  such  as  wind. At  present  costs, 
PV  projects  are  not  considered  supportable  under 
the  obhgation.  The  additional  costs  incurred  by 
the  regional  distribution  companies  to  satisfy  the 
nonfossil  fuel  obhgation  are  met  by  a  tax  on  the 
electricity  supplier  (which  is  passed  on  to  the  con¬ 
sumer)  of  10  to  11  percent  on  all  revenue  from 
coal-,  oil-,  and  gas-generated  power  sales, 

Since  NFFO  was  introduced,  three  calls  for 
proposals  have  been  made.  The  first  phase  of  proj¬ 
ect  solicitations  took  place  in  1990  and  resulted  in 


75  contracts  totaling  152  MW  of  installed  renew¬ 
able  energy  capacity.  "The  1991  call  resulted  in 

122  contracts  for  472  MW.  By  far  the  largest  por¬ 
tion  of  the  proposals  were  based  on  waste  burning 
to  generate  power.  Wind  projects  totaling  more 
than  400  MW  were  submitted,  and  nine  projects  (a 
total  of  28.4  MW)  were  selected.  ‘‘^^Of  these,  four 
were  existing  prototype  projects,  and  the  remain¬ 
ing  five  were  windfarm  proposals  each  of  greater 
than  1  -MW  rated  capacity.  The  most  recent  call 
requires  the  purchase  of  an  additional  300  to  400 
MW  of  renewable  power  in  contracts  that  run  15 
to  20  years. 

Originally,  power  was  to  be  purchased  at 
11  0/kWh,  but  by  1991  the  price  for  wind  was 
2l0/kWh.'^‘’After  1998,  payment  will  fluctuate 
and  be  based  on  a  “pool  price”  of  approximately 
4.60kWh.  This  expiration  date  has  been  reflected 
in  the  availability  of  financing  for  this  truncated 
period.  Because  of  the  planning,  permitting,  and 
construction  time  of  1  Vz  to  2  years,  the  preferred 
rate  will  be  available  for  only  6  to  7  years,  and 
lenders  have  insisted  on  recovering  their  invest¬ 
ment  during  the  fixed  price  period,  British 
wind  powerplants  cost  $2,300/kW  installed  ca¬ 
pacity  to  build,  with  power  costing  about 
180/kWh,  as  of  1992. 

Throughout  the  1990s,  NFFO  orders  are  ex¬ 
pected  to  total  about  1,000  MW,  expanded  from  an 
original  obligation  of  600  MW.  Wind  is  expected 


lz~”u,Xd  Kingdom  To  PassU.S.iJi  the  New  Wind  InstaUations,*'  Wind  Encr^yWeekly,  vol.  11,  No.  500,  June  1,  1992,  pp.  4-5. 
*29**Great  Oaks  from  NFFO  Acoms,”  op.  cit.,  footjioie  1 26. 

I  JOjVjusgfOve  and  Lindley,  op.  cit.,  footnote  124. 

1^  •“United  Kingdom  Mo„„^To.  Government  panel  Says  /.<'/fer.voK3.No.  2,  Jan.  22.1993:0.1.  Page  and 

H.G.  Parkinson,  Energy  Technology  Support  Unit,  Harwell  Laboratory,  Didcot.U.  K.,  “The  Development  of  Wind  Farms  in  England  and 
Wales,”  n.d. 

Dupage  and  Parkinson,  op.  cit.,  footnote  131, 
i^-MusgroveandLindley.op.  cit.,  footnote  124. 

‘-^'^Page  and  Parkinson,  op,  cit.,  footnote  131. 

1  -^^Branstetier.op.  cit.,  footnote  28. 

\  36page  and  Parkinson,  Op.  Cit.,  footnote  131. 

1  37“ UK  Expected  T.  Expand  Renewable  Energy  Program Energy  Weekhwol  [  ^o.  499,  May  18,  1992,  p.  1. 
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FIGURE  7-2A:  Total  Federal  RD&D  in 
Photovoltaic  Technologies,  1992 


the  most  active  U.S.  firm  in  the  United  Kingdom 
and  is  developing  40  MW  of  capacity  there. 

COMPARISONS 

The  preceding  descriptions  of  national  programs, 
and  those  of  the  United  States  as  discussed  in 
chapter  5,  offer  a  snapshot  of  the  wide  array  of 
supports  that  PV  and  wind  technologies  are  re¬ 
ceiving.  It  is  useful  here  to  briefly  compare  these 
supports. 

Federal  RD&D  support  for  PVS  is  shown  in  to¬ 
tal  current  dollars  and  in  dollars  per  capita  in  fig- 
u  e  7-2.  As  noted  in  chapter  1,  U.S.  support  for 
PVS  has  risen  considerably  since  1992,  but  that 


FIGURE  7-2B:  Per  Capita  Federal  RD&D  in 
Photovoltaic  Technologies,  1992 


7ota/  RD&D  investment  m  PV  techno/ogles  is  gwen  for  var/ous 
OECD  counfnes  By  this  measure  the  Umted  States  ranked  a 
close  third  m  investment  behfnd  Germany  and  Japan 
SOURCE  Otice  of  Technology  Assessment,  1995  based  on  table  7-1 

to  comprise  about  half  of  this  amount.  ^^P* 

(ember  1992,  f^lnal  permission  had  been  acquired 
for  49  percent  of  the  NFF0.l’'“  Monitoring  of 
these  projects  will  be  carried  out  by  ETSU,  A  few 
projects  will  be  singled  out  for  more  detailed  mon  - 
itoring  by  independent  consultants,  including  two 
windfarrns  under  a  three-year,  $4. 4-million,  co¬ 
funded  R&D  program  between  National  ^^^ind 
Power  and  the  Department  of  Trade  and  Indus¬ 
try. 

According  to  the  American  Wind  Energy 
Association,  several  U,S.  companies  have  placed 
bids  through  the  NFFO  program,  including  the 
Wind  Harvest  Company  and  a  4-MW  project  of 
Carter  Wind  Turbines.  SeaWest  Power  Systems  is 


Switzer-  Germany  Italy  Japan  Us.  France 
land 


Per  capita  RD&D  investment  In  PV  technologies  is  gwen  for 
various  OECD  counfrIes  By  this  measure,  the  Un/fed  Slates 
ranks  a  dManf  fifth  behind  SwIFedand,  Germany  /fa/y,  and 
Japan 

SOURCE  Off  Ice  o!  Tectmology  Assessment  1995 


i  ~x.  ’PJ,,„Replrt  Re-orllnlcnd-  Long-Tenn  Market  Incentl  Ve$,”  Wmd  PoVer  Monthl),  voi  8.  N(f.  3,  March  1992. 
parkins {>ri,  op.  cit.,  footnote i-'- 

'  ‘Ibid, 
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FIGURE  7-3A;  Total  Federal  RD&D  in  Wind  Energy  Technologies,  1992 


367 


Italy  Netherlands  Us.  Germany  United  Japan  Denmark 

Kingdom 


Total  invesrmeoi  in  wind  energy  technologies  is  shown  for  various  OECD  countries.  By  this  measure,  the 
United  States  ranked  third  in  investment,  well  behind  Italy  and  the  Netherlands. 

SOURCE-  Office  of  Technology  Assessment.  1995.  based  on  table  7-4. 


year  was  chosen  for  comparison  because  more  re^ 
cent  data  for  several  countries  were  not  available 
on  a  consistent  basis.  The  United  States  has  a  pro¬ 
gram  roughly  comparable  in  terms  of  total  invest¬ 
ment  to  those  of  Japan  and  Germany,  and 
somewhat  larger  than  that  of  Italy.  In  terms  of  per 
capita  investment,  however,  the  United  States 
ranks  far  behind  the  leading  countries. 

Total  and  per  capita  federal  RD&D  support  for 
wind  technology  is  shown  in  figure  7-3.  In  terms 
of  total  investment,  the  United  States  ranks  well 
behind  Italy  and  Holland,  and  is  roughly  compara¬ 
ble  to  Germany.  In  terms  of  per  capita  investment, 
the  United  States  ranks  near  the  bottom  of  the  list, 
for  example,  spending  less  than  one-twentieth  per 
capita  of  the  amount  spent  by  the  Netherlands. 

To  encourage  PV  commercialization,  the 
United  States  supports  several  major  initiatives 
including  the  PV  Manufacturing  Technology 
Project  and  the  PV  for  Utility  Scale  Applications, 
which  are  discussed  in  chapter  6.  In  addition,  the 
United  States  provides  five-year  accelerated  de¬ 
preciation  for  PV  systems  as  well  as  10-percent  in¬ 
vestment  tax  credits  for  PV  investments  by 


nonutility  generators.  PV  power  must  be  pur¬ 
chased  at  the  utility’s  avoided  costs,  but  these  are 
typically  in  the  neighborhood  of  3@  to  70/kWh, 
well  below  current  PV  costs. 

In  comparison,  Japan  variously  provides  7-per- 
cent  investment  tax  credits,  loans  at  interest  rates 
of  4.55  percent,  and  subsidies  of  up  to  50  percent 
on  model  plants,  and  it  plans  to  subsidize  up  to 
two-thirds  of  the  cost  of  residential  systems.  Fur¬ 
ther,  the  purchase  price  for  privately  generated 
power  in  Japan  is  16  @  to  240/kWh. 

Germany  provides  50  to  60  percent  federal  sub¬ 
sidies  and  roughly  20-percent  state  subsidies,  with 
a  limit  of  70  percent,  for  PVs  installed  under  its 
“1,000  Roof’  program.  Utilities  purchase  PV 
power  at  120/kWh. 

In  Italy,  remote  houses  can  receive  a  PV  subsi¬ 
dy  of  up  to  80  percent  of  capital  costs;  grid-inte¬ 
grated  PV  systems  receive  20  @  to  280/kWh  for 
power  sold  to  the  grid. 

RD&D  and  commercialization  strategies 
might  rely  on  "deep-pocket”  firms  that  can  carry 
PV  programs  over  the  long  term.  ARCO  and 
Mobil  are  large  oil  companies  that  were  expected 
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FIGURE  7-3B:  Per  Capita  Federal  RD&O  in  Wind  Energy  Technologies,  1992 


Kingdom 


^er  capita  FiD^D  invo.iiUr:ent  in  \^m<J  energy  lechnoicglei^  is  .s/iowo  for  venous  OECD  ca^ntriei;.  By  ifvs 
'neasvre.  the  United  States  ranks  a  distant  sixth  oehind  the  Netf-ferfands.  Denmark,  Itaiy.  Germany  and  the 
United  Krogdom. 

SOURCE  Office  of  Technology  Assessment  1995 


to  fill  such  a  role  in  U,S.  photovoltaic  develop¬ 
ment.  but  both  sold  their  PV  division  to  German 
companies. 

U.S.  PV  producers  themselves,  though  techni¬ 
cally  strong,  tend  to  be  small  firms.  Other  than 
U.S. -based  production  by  Siemens  (Germany) 
and  Solec  International  (Japan),  the  United  St?  es 
has  only  one  firm  that  produ^^d  1  MW  or  more  of 
PV  power  in  1992,  compared  with  six  Japanese 
firms, five  European  firms, and  one  firm  in 
India. 

The  difficulties  faced  by  small  U.S.  firms  in 
accessing  long-term  financial  resources  are  lead¬ 
ing  to  arrangements  with  foreign  producers  in 
some  cases.  A  recent  example  is  the  Energy  Con¬ 
version  Devices  agreement  with  Canon  (Japan)  to 
build  a  production  facility  in  Virginia  (box  6-2). 


This  leads  naturally  to  the  question  of  the  extent  to 
which  PV  manufacturing  might  move  offshore  as 
it  becomes  more  like  a  commodity  production 
process.  As  discussed  above,  maintaining  U.  S.- 
based  production  of  PVs  will  require  maintaining 
a  lead  in  RD&D  as  well  as  developing  and  invest¬ 
ing  in  advanced  automated  production  facilities. 

POLICY  OPTIONS 

Given  the  rapid  change  in  technologies  and  gov¬ 
ernment  programs,  more  current  data  and  anal  ysis 
are  needed  for  effective  decisionmaking.  Thus, 
Congress  could  direct  both  the  Departments  of 
Energy  and  of  Commerce  to  expand  recent  work 
examining  competitiveness. 
include  a  more  detailed  examination  of  the  sup- 


Mi.Noi  including  U.  S.-^iiNeilproihiciiunbvSotcc  International,  now  owned  by  Sumitomo  and  Sanyo. 

*  •*^Noi  including  U.S. -based  production  by  Siemens- Solar. 

'  ‘'1‘Work  iscurrenttv  donr  at  Sandia  National  Laboratory  at  the  rcciiiest  of  the  Offiec  of  Intcilifience,  Office  of  Foreign  Intclligctice, 
U.S.  Department  of  Energy. 
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Above  the  arctic  circle  on  Spitsbergen  Island,  Norway,  this 


port  provided  by  foreign  governments  to  their  in¬ 
dustries,  including  RD&D,  tax.  financial,  and 
export  assistance.  This  analysis  could  compare 
the  effective  level  of  subsidy  provided  to  different 
technologies  and  firms  within  each  country’s  ac¬ 
counting  framework.  It  could  also  examine  the 
firm-or  industry-specific  impact  of  these  supports 
in  terms  of  profitability,  access  to  capital,  ability 
to  expand  and  capture  market  share,  and  other 
measures  of  vitality.  Such  analysis  would  seem 
particularly  important  in  terms  of  small  entrepre¬ 
neurial  U.S.  firms,  which  may  have  difficulty 
adequately  accessing  capital  even  to  match  cost- 
shared  R&D  programs.  Finally,  the  effectiveness 


of  these  supports  could  be  compared  on  the  basis 
of  their  long-term  impacts  on  competitiveness; 
particularly  important  may  be  support  for  early 
scaleup  of  manufacturing  that  captures  significant 
economies  of  scale  and  learning. 

Correspondingly,  specific  strengths  and  weak¬ 
nesses  of  the  U.S.  system  could  be  examined  to 
determine  where  it  might  be  improved  with  re¬ 
spect  to  the  international  challenge.  This  analysis 
might  include  an  examination  of: 

■  RD&D  and  commercialization  to  develop  ado- 
mestic  industry  (see  chapters  5  and  6); 

■  the  effectiveness  and  means  of  improving  in¬ 
dustry  consortia  and  public-private  partner¬ 
ships  for  RD&D  and  market  development; 

■  how  RD&D  can  support  U.S.  exports; 

the  access  of  small  entrepreneurial  firms  to  cap¬ 
ital  markets;  '^and 

■  gaps  in  support  for  developing  export  mar¬ 
kets — ^particularly  the  lack  of  technology-spe¬ 
cific  knowledge  or  support,  and  weak  market 
development  support  (especially  public-pri¬ 
vate  export  project  finance)-on  the  part  of 
trade  agencies. 

CONCLUSION 

Renewable  energy  technologies  could  become  a 
major  growth  industry  in  the  21st  century.  Com¬ 
petition  in  global  renewable  energy  markets  is 
likely  to  become  increasingly  intense,  and  the 
winners  stand  to  dominate  a  lucrative  internation¬ 
al  market.  Several  coxmtries  are  vying  for  the  lead 
in  the  world  PV  and  wind  markets  with  very 
aggressive  programs.  The  U.S.  is  stiU  a  major 
player  in  the  international  marketplace  and,  given 
the  opportunity,  U.S.  firms  can  continue  to  be 
competitive  in  international  markets  for  renew¬ 
able  energy  technologies.  This  may  provide  sub¬ 
stantial  long-term  economic  and  environmental 
benefits  at  home  and  abroad. 


• ‘^Michael  E  Porter.  “Capital  Disadvantage:  America’s  Failing  Capital  Investment  System,**  f-larvard  Bminexs  Sepi&mb&r- 

October  1992.pp.  65-82. 

‘'^^ForanJUtalysis  and  discussion  of  U.S.  export  programs,  see  the  references  in  foomoic6. 


Appendix  A: 
Units, 
Scales,  and 
Conversion 
Factors 


CONVERSION  FACTORS 
Area 

1  square  kilometer  (km')  = 

0J86  square  mile 
247  acres 
100  hectares 

I  square  mile= 

2.59  square  kilometers  (km') 
640  acres 
259  hectares 

I  h(  ^are  =  2.47  acres 

Length 

1  meter=  59.57  inches 

1  kilometer'^  0.6214  miles 

Weight 

1  kilogram  (kg)=  2,2046  pounds 
(lb) 

I  pound  (16)-  0A54  kilogram 
(hg) 

I  metric  tonne  (ml)  (or  **long 
ton*')  = 

i,000  kilograms  or  2,204  lbs 

I  short  ton  =  2,000  pounds  or 
907  kg  . 


Energy 

1  Exajoule  =  0.9478  quads 

1  Gigajoule  (GJ)  =  0.9478 
million  Btu 

1  MegaJoule  (MJ)  =  0.9478 
thousand  Btu 

I  quad  (quadrillion  Btu)  = 

1.05x  70^^ Joules  (J) 

1.05  exajoules  (EJ) 

4.20x  107  metric  tonnes,  coal 
1.72x  10'* barrels,  oil 
2,34x10’ metric  tonnes,  oil 
2.56x10^” cubic  meters,  gas 
5. 8x10’ metric  tonnes  dry  wood 
2.92x  lO^kilowatthours 

I  kilowatthour  = 

3410  British  thermal  units  (Btu) 
3. 6x1  O' Joules  (J) 
i  Joule- 

9.48x10-' British  thermal  unit 
(Btu) 

2.78xl0_’kilowatthours  (kWh) 

1  British  thermal  unit  (Btu)  - 
2. 93x1 0- ^  kilo watthours  (kWh) 
1.05x  103  Joules  (J) 


Volume 

1 1  liter  (1}= 

0.264  gallons  (liquid,  U.  S.) 

6.29x  1  0-^ barrels  (petroleum, 

Us.) 

lx  10“’ cubic  meters  (m’) 

3.53x1  0-’ cubic  feet  (ft’) 

1  gallon  (liquid,  U.S.)= 

3.78  liters  (1) 

2.38x  lO-’baiTels  (petrole  ii. 

Us.) 

3.78x  10-’ cubic  meter  (m’) 
1.33xl0_^cubic  feet  (ft’) 

1  barrel  (bbl)  (petroleum,  U.  S.)  = 
1  .59x  102  liters  (1) 

42  gallons  (liquid,  U.  S.) 

1  cord  wood= 

128  cubic  feet  (ft’)  stacked 
wood 

3.62  cubic  meters  (m’)  stacked 
wood 

Temperature 

From  Celsius  to  Fahrenheit: 
((9/5)  x("C))+  52  =T 
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From  Fahrenheit  to  Celsius: 

(5/9)  xCF  -  32)=  “C 

Temperature  changes: 

■To  convert  a  Celsius  change  to 
a  Fahrenheit  change: 


9/5  X  (change  in  ‘C)=  change 
irtF 

1  To  convert  a  Fahrenheit 
change  to  a  Celsius  change; 

5/9  X  (change  in  ‘F)  =  change 
in  ‘c 


Example:  a  3.0‘C  rise  in 
temperature  =  a  5.4  ‘F  rise 
in  temperature 
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Demonstration  projects 

agricultural  energy  crops,  50-51 
buildings,  90 

Denmark,  energy  technology  programs,  243-245 
Department  of  Energy 
Clean  Coal  program,  155 
energy-efficient  mortgages,  93 
ethanol  reforming  program,  134 
funding  of  vehicle  technology  R&D,  143 
Passive  Solar  Commercial  Buildings  Program, 
84-85,88 

passive  solar  design  strategies.  88-90 
PV-BONUS  program,  i93 
PV  Manufacturing  Technology  Project,  191 
RD&D  funding,  15,  21 
solar  buildings  program  funding,  4,  98 
Solar  Program,  89 

U.S.  Advanced  Battery  Consortium,  131-132 
Utility  Photovoltaic  Group,  193 
Utility  Solar  Water  Program,  80 
wind  energy  R&D  program,  179 
Department  of  Housing  and  Urban  Development 
energy-efficient  mortgages,  93 
passive  solar  design  competitions,  89-90 
Developing  countries,  1,  22,  181,  230,  231,239, 

240,  24],  245,249 
Development  Fund,  242 
Diesel  engines,  146 
Diffuse  radiation,  164 
Diffuse  sunlight,  77-78 
Direct  microbial  conversion,  118 
Direct  radiation,  164 
Direct  steam  systems,  153 
Direct  sunlight.  77 
Dish  Stirling  systems,  171 
Distributed  utility  systems,  186-188 
DOE-2,  88 

Double-flash  systems,  153 
Double-glazed  windows,  76 
Drive  trains 

all-electric,  104 
efficiencies,  130 

DSM.  See  Demand-side  management  programs 

E 

Earth  Summit,  35 
Ecology  principles,  55 
Econinic  impacts,  29-3 1 ,45  -49 
Edison  Electric  Institute,  80,  193 
EEMs.  See  Energy-efficient  mortgages 
Efficiency  Upgrade  Program,  161 


Electric  Power  Research  Institute,  51,  163,  189,  193 
Electricity 

approaches  to  commercialization.  224-228 
biomass,  147-151 
changes  in  industry,  199-203 
commercialization,  191-194 
design,  planning,  and  information  programs,  196 
direct  and  indirect  subsidies,  217-219 
distributed  utility  systems,  186-188 
economic  impact  of  energy  crops,  47-48 
environmental  costs  and  benefits,  222-224 
finance  and  commercialization  programs. 

196-197 

fossil-fueled,  146 
geothermal  energy,  151-158 
hydroelectricity,  158-162 
key  issues  and  findings,  6 
manufacturing  scaleup,  190-191 
overcoming  barriers  in  use  of  renewable  energy 
technology,  188-189 
photovoltaics,  162-170 
policy  options,  194-197 
RD&D  needs,  189-190 
RD&D  programs,  195-196 
remote  systems,  180-183 
resource  assessment,  191,  194-195 
risks  in  powerplant  financing,  217,  220-222 
share  of  U.S.  energy  consumption,  145 
solar  thermal  technologies,  170-174 
standards  programs,  196 
structural  change  in  sector,  14 
total  fuel-cycle  emissions  for  generation  of,  32 
use  in  transportation  systems,  121-122 
utility  finance,  204-208 
utility  full-fuel-cycle  tax  factors,  214-217 
utility  systems,  183-186 
wind  energy,  174-180 
world  consumption,  230 
Electi'icity  buyback  rates,  7 
Electi'icity  intensity,  28-29 
Electrolysis,  121 

Electrolytic  hydrogen  systems,  120 
Emissions  reduction,  44 
Emissions  standards,  126 
Energy  2000,243,252 
Energy  Conservation  Po]  icy  Paper,  251 
Energy  consumption,  27-29 
Energy  Conversion  Devices,  167 
Energy  crops.  See  Agricultural  energy  crops 
Energy  efficiency,  28 
Energy-efficient  mortgages,  93 
Energy  Information  Administration,  12,  30,  194, 
224 

Energy  investment  tax  credit,  215 
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Energy  markets,  12-15 

Energy  Policy  Act  of  1992,4,  14,35,63,69,93, 
141-142,202,203,235-236 
Energy  production  credits,  63 
Energy  rating  systems,  91 
Energy  Savings  Program,  247 
Energy  Star  Computer,  71 
Energy  taxes,  97 
Energy  use,  buildings,  71 
Environmental  Action  Plan,  251 
Environmental  issues 
biomass  impact,  149 
commercialization  and,  227-228 
costs  and  benefits,  222-224 
effect  on  national  energy  use,  29 
geothermal  energy  impact,  154 
hydropower  impact,  160 
pho  to  voltaics  impact,  169 
potential  impact  of  agricultural  energy  cropping, 
40-45 

renewable  energy  technologies  impact,  31-32 
research,  development,  and  demonstration,  50, 
52-53 

solar  thermal  technologies  impact,  173 
wind  energy  impact,  177 
Environmental  Protection  Agency,  125,223 
Environmental  taxes,  97 
EPACT.  See  Energy  Policy  Act  of  1992 
EPRI.  See  Electric  Power  Research  Institute 
Equipment  rating  and  certification,  91 
Ethanol 

comparative  analysis,  126-128 
projected  production  levels,  48 
reforming,  133-134 
use  in  transportation  systems,  115-118 
European  Union,  energy  technology  programs, 
241-243 

Evaporative  cooling,  75 

Exempt  Wholesale  Generators,  14,202 

Externality  taxes,  63 

F 

Farm  support  programs,  56 

Federal  agricultural  expenditures,  48-49 

Federal  Energy  Regulatory  Commission,  161,223 

Federal  investment  tax  credit,  215 

Federal  procurements,  63-64 

Federal  subsidies,  218-219 

Federal  taxes,  226-227 

Feebates,  95-96 

Feedstocks 

energy  crop  development,  60 
methanol  production,  112-114 
Field  monitoring,  20 


Finance  programs,  196-197 

Financing.  See  Commercialization 

Fixed  collectors,  165 

Flexible-fuel  vehicles,  111 

Florida  Power  and  Light,  80,8 1 

Flywheels,  134 

Ford  Flexible  Fuel  vehicle,  5 

Foreign  maikets.  See  International  programs 

Forest  residues,  112-113 

Formaldehyde,  114 

Framework  Convention  on  Climate  Change,  29,35 
France,  energy  technology  programs,  245-247 
Front-loaded  costs,  13,227 
Fuel  Adjustment  Clauses,  22 
Fuel  cell  electiic  vehicles 
efficiency,  110-111,  132 
projected  emissions  of  greenhouse  gases,  107 
proton-exchange  membrane,  132-136 
R&D  challenges,  136-137 
reforming  fuels,  133-134 
types  of,  132-133 
Fuel  cells 

advances  in,  104 
thermal  benefits,  101 
Fuel  cost  risks,  221 
Fuel-cycle  taxes,  214-217 
Fuel  economy  ratings,  125 

G 

Gas  turbines,  146,  149 
Gasification,  120,  149 
Gasifiers,  112 
Gasoline 

comparison  with  methanol,  114 
comparison  with  ethanol,  115 
oxygenation,  141 

General  Agreement  on  Tariffs  and  Trade,  39,242 
General  Motors,  125 
Geopressured  brines,  152 
Geothermal  energy 

electricity -generation  capacity,  151,  155 
key  issues  and  findings,  6 
RD&D  needs,  155-158 
resources  and  technologies,  152-154 
site  specificity,  6 
Geothermal  heat  pumps,  73 
Germany 

energy  technology  programs,  247-249 
photovoltaic  RD&D,  7 
The  Geysers,  California,  151-155 
Global  radiation,  164 
Global  warming,  43,223-224 
Grassy  crops,  33-34 
Green  pricing,  225,226 
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Greenhouse-gas -neutral  energy,  43 
Greenhouse  gases 

impact  of  energy  crops,  53 
projected  emissions  of  ICEVs,  106-107 
Grid  support,  188,  192 

H 

Heat  pumps,  73 

Heating  and  cooling  systems.  See  Active  space  heat¬ 
ing  and  cooling;  Passive  solar  buildings 
Heliostats,  172 
Hemicellulose,  117 

Herbaceous  biomass.  See  Lignocellulose 

Herbaceous  energy  crops,  37 

High-productivity  crop  varieties,  50 

Home  Energy  Rating  Systems,  91,93 

Horizontal  axis  wind  turbine,  176 

Hot  dry  rock  resources,  152 

Housing  and  Community  Development  Act,  69,93 

Hybrid  electric  vehicles,  137-139 

Hybrid  systems,  110 

Hydroelectricity 

generating  capacity,  158 
RD&D  needs,  161-162 
resources  and  technologies,  159-161 
site  specificity,  6 
Hydrogen 

comparative  analysis,  126-128 
use  in  transportation  systems,  119-121 
Hydrogen  ICE  hybrid  vehicle,  138 
Hydrolysis,  117 

Hydropower.  See  Hydroelectricity 
Hydrothermal  fluids,  152 
Hydrothermal  resources,  6 

1 

ICE-based  hybrid,  110 
Incremental  cost  of  power,  200 
Information  programs,  90-91 
Infrastructure  development,  15 
Insurance  programs,  63 
Integral  Wind  Energy  Plan,  250 
Integrated  building  design,  83 
Intermediate  plants,  150 
Intermittence 

impact  on  conventional  generating  capacity, 
183-185 

resource  characteristics,  8-10 
Internal  combustion  engine  vehicles 
advanced  designs,  124-126 
alternative  fuels  in,  126-128 
hybrid  vehicles,  137-138 
hydrogen  fuel,  119 

projected  emissions  of  greenhouse  gases,  106 


International  programs 
changes  in,  229-231 
comparisons,  255-257 
cost-effectiveness,  232-234 
market  development,  235-236 
market  share,  236-238 
for  photovoltaics,  232-238 
policy  options  for  competitiveness,  257-258 
potential  roles,  231 
for  wind  energy,  233-238 
International  trade,  30-31 
Interstate  Solar  Coordination  Council,  91 
Investment  tax  credit,  213 
Investor-owned  utility  powerplants,  208 
Italy 

energy  technology  programs.  "49-250 
photovoltaic  subsidies,  7 

J 

Japan 

energy  technology  programs,  238-241 
photovoltaic  RD&D,  7 

K 

Kenetech-U.S.  Windpower,  Inc.,  177,226,252 

L 

Law  on  Supplying  Electricity  to  the  Public  from 
Renewable  Energy  Sources,  247 
Lawrence  Berkeley  Laboratory,  76,88,91 
Lawrence  Liveimore  National  Laboratory,  137-138 
Lead-acid  batteries,  129 
Liability-related  policies,  221-222 
Life-cycle  processes,  51-52 
Light-duty  motor  vehicles,  126 
Lignin,  117 

Lignocelluose,  116-117 
Liquefied  natural  gas,  123-124 
Liquid  fuels 

economic  impact  of  energy  crops,  48 
potential  roles  for,  36 
Load  following  plants,  150 
Low  Alamos  National  Laboratory,  88 
Low  Emission  Vehicle  Program,  141 
Low-emissivity  windows,  76 
Luz  International,  Ltd.,  170,  171,215 
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Magma,  152 

Manufacturing  scaleup,  13-14,  190-191 
Marginal  lands,  49 
Market  aggregation,  196 
Market  conditioning,  235 
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Methanol 

comparative  analysis,  126-128 
projected  production  levels,  48 
reforming,  133-134 
use  in  transportation  systems,  111-115 
Mobil  Solar,  7 
Modularity,  186 
Monoculture  crops,  42-43 
Mortgages,  energy-efficient,  93,94 
Multiple  cropping,  53 
Municipal  solid  waste,  112-113 
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National  Affordable  Housing  Act,  93 
National  Association  of  Regulatory  Utility 
Commissioners,  201 
National  Audubon  Society,  51 
National  Biofuels  Roundtable, 51 
National  Energy  Strategy,  15,93,  195 
National  Environmental  Policy  Plan,  251 
National  Fenestration  Rating  Council,  91,95 
National  Renewable  Energy  Laboratory,  85,88,89, 
116-117,  176 

National  Rural  Electric  Cooperative  Association, 

193 

National  security,  32 
Native  species,  55 
Natural  gas 

comparative  analysis,  126-128 
hydrogen  from,  121 
use  in  transportation  systems,  123-124 
Natural  habitat,  43,51,52,55 
Netherlands,  energy  technology  programs,  250-252 
Neuffer  Construction,  92,99 
Nevada  Solar  Enterprise  Zone,  7 
New  England  Electric  System,  225 
New  York  State  Energy  Plant,  225 
Nickel-fron  battery  packs,  129 
Nickel-metal  hydride  battery,  129 
Night  cooling,  75 
Nitrogen  oxides,  122 
Nonutility  generators 
bioelectric,  147 
financing  for,  208-214 
increasing  role  of,  14 

North  American  Free  Trade  Agreement,  39 
NREL.  See  National  Renewable  Energy  Laboratory 
NUGs.  See  Nonutility  generators 
Nutrient  cycling,  52 
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Oak  Ridge  National  Laboratory,  33 
OECD.  See  Organization  for  Economic  Cooperation 
and  Development 


Oil  embai'go,  2 

Oil  imports,  30 

Oil  market,  104-105 
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1,000  Roof  PV  program,  235,247-248 

Onsite  generation,  1 82 

Organization  for  Economic  Cooperation  and  Devel¬ 
opment,  232 

Organization  of  Petroleum  Exporting  Countries,  1,2 
Overhangs  for  summer  cooling,  75 
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Pacific  Gas  and  Electric,  187 
Parabolic  dish  systems,  171,  173 
Parabolic  trough  systems,  172,215 
Partnerships,  63 
Passive  solai*  buildings 

alternative  renewable  energy  technologies,  73 
construction,  90-94 

cost-effective  renewable  energy  technologies,  71 
design,  87-90 
direct  solar  use,  4 
energy  costs,  96-97 
federal  procurement,  97-98 
national  policy  influencing  use,  69 
ownership,  96 
passive  architecture,  73-77 
potential  roles  for  renewable  energy 
technologies,  68-69 

principal  design  elements  of,  69-71,72 
sale  of,  94-96 

Passive  Solar  Commercial  Buildings  Program, 

84-85 

Passive  Solar  Design  Strategies:  Guidelines  for 
Home  Building,  88,89 
Passive  Solar  Industries  Council,  88,89 
Passive  Solai*  Journal,  88-89 
Peak  power  device,  134 
Peaking  plants,  150 
Perennial  crops,  42 
Phosphoric  acid  cell,  133 
Photovoltaic  hydrogen  systems,  121 
Photovoltaics 

building-integrated  systems,  162 
in  buildings,  101 

cell  and  module  shipments,  by  company,  237 

comparison  of  international  programs,  255-257 

cost  reductions,  9 

European  Union  program,  242 

exports,  231 

French  program,  246 

German  program,  247-248 

government  supports  for,  7 

international  competition,  7,  232-238 
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Italian  program,  249-250 

Japanese  program,  239-241 

key  issues  and  findings,  6 

perspectives  influencing  direction  of  industry, 

163 

production,  by  region,  234 
publicly  funded  R&D,  by  country,  233 
RD&D  needs,  166,  169-170 
solar  collectors,  165-166 
solar  resources,  164 
Swiss  program,  253 
technologies,  167-169 
Platinum  catalyst,  104 
Policy  options 

agricultural  energy  crops,  60-64 
building  design,  ^S-101 
commercialization,  17-18,  22-23 
development,  15-22 
transportation  systems,  139-144 
Polycultures,  53-54 
Pool  heaters,  79 
Poplar  crops,  34 

Power  Marketing  Administrations,  196-197 

Power  Marketing  Authorities,  63-64 

Power  quality,  185 

Powerplant  finance,  204-214 

Price-Anderson  Act,  221 

Price  lock-in,  213 

Primary  energy,  71 

Property  taxes,  208 

Proton-exchange  membrane  cell,  104,  132-136 
Public  Service  of  Colorado,  226 
Public  Utilities  Commission,  91,225 
Public  Utilities  Regulatory  Policies  Act,  158,  178, 
200,213 

x'umped  storage,  160 

PURPA.  See  Public  Utilities  Regulatory  Policies  Act 
PV.  See  Photovoltaics 
PV20,  246 

PV-BONUS  program,  193 

PV  for  Utility  Scale  Applications  project,  187,  193 
PV  Manufacturing  Technology  Project,  191 
PV  Pioneer  program,  226 
PVUSA.  See  PV  for  Utility  Scale  Applications 
project 
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Qualifying  facilities,  200-201 

R 

Ratepayer  Impact  Test,  91 
Ratings  and  standards,  17,20,22 
Reactive  power,  185 


Reformulated  gasoline 

comparative  analysis,  126-128 
uses,  123 

Regenerative  braking,  104 
Regional  Biomass  Program,  63 
Regional  landscape  planning,  54 
Remote  markets ,  191-192 
Remote  systems,  180-183 
Renewable  Electricity  Production  Credit,  15,205 
Renewable  electrolytic  hydrogen,  120 
Renewable  energy  technology  mortgages,  94 
Renew ables-intensive  utility,  122 
Research,  development,  and  demonstration 
agricultural  energy  crops,  49-54 
biomass,  150-151 
building  design,  83-86 
DOE  funding,  15,21 

electricity  technologies,  189-190,  195-196 

funding  for,  24 

geothermal  energy,  155-158 

hydroelectricity,  161-162 

photovoltaics,  166,  169-170 

policy  options,  16,20 

solar  thermal  technologies,  171 

wind  energy,  179-180 

Research  and  Development  Project  on  Environmen¬ 
tal  Technology,  238 

Resource  assessment,  16,20,  191,  194-195 

Resource  intensity,  10-12 

Resources  Conservation  Act,  38-39 

Retail  fuel  prices,  113 

Retail  wheeling,  202 

Riparian  zones,  52 

Run-of-river  systems,  160 

Rural  economies,  45-46 
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Sacramento  Municipal  Utility  District,  226 
Scaleup,  13-14 
Sedimentation,  52 

Separate  hydrolysis  and  fermentation,  118 

SERL  See  Solar  Energy  Reseai'ch  Institute 

Shift  reactors,  112 

Short  rotation  woody  crops,  37 

SieiTa  Pacific  Power  Company,  92 

Simultaneous  saccharification  and  fermentation,  118 

Single-flash  systems,  153 

Single-reactor  direct  microbial  conversion,  118 

Site  specificity,  6-8,  185-186 

Soil  erosion,  42 

Soil  quality,  52,53 

Solar  Assistance  Financing  Entity,  69 
Solar  cells.  See  Photovoltaics 
Solar  domestic  hot  water,  79-81 
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Solar  energy.  See  also  Photo voltaics;  Solar  thermal 
technologies 
intermittence,  8 
key  issues  and  findings,  4 
site  specificity,  6 

Solar  Energy  Industries  Association,  91 
Solar  Energy  Research  Institute,  85 
Solar  Load  Ratio  Method  of  Los  Alamos,  88 
Solar  One  Centi*al  Receiver,  170 
Solar  pond  systems,  172 
Solar  Program,  89 

Solar  Rating  and  Certification  Corporation,  91 
Solar  thermal  technologies 
key  issues  and  findings,  6 
Luz  International,  Ltd.,  215 
state  incentives  for,  210-211 
technology  development,  170-174 
Solar  water  heaters,  79-81 
Solarex,  7 
Solec,  7 

Solid  oxide  cell,  133 
Southern  California  Edison,  226 
Space  heating  and  cooling  systems.  See  Active  ‘ 
space  heating  and  cooling;  Passive  solar  buildings 
Stand-alone  PV  recharging  stations,  122 
Standards.  See  Ratings  and  standards 
Standards  programs,  196 
State  taxes 

incentives  for  solar  technologies,  210-211 
property  taxes,  208 

for  wind  energy  development,  213-214 
Steam  reforming,  120 
Steam  turbines,  146,  148 
Storage  batteries,  134 
Subsidies,  217-219,227 
Sulfur  oxides 

from  natural  gas  powerplants,  122 
reduction  from  bioenergy  use,  44 
Sun-tempering,  74 
Sunlight,  77-78 

Sustained  Orderly  Development,  196 
Switchgrass  crops,  34 

Switzerland,  energy  technology  programs,  252-253 
Synthesis  gas,  112 
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Tax  credits 

effect  on  wind  industry,  178 
for  electric  utilities,  206 

incentives  for  renewable  energy  technology  use, 
226-227 

policy  options,  19,23 

renewable  energy  technology  homes,  94-95 
for  wind  energy  development,  213-214 
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T&D.  See  Transmission  and  distribution  systems 
TEAM-UP.  See  Technology  Experience  To  Acceler¬ 
ate  Markets  in  Utility  Photovoltaics 
Technology  adoption,  54,56-58 
Technology  Experience  To  Accelerate  Markets  in 
Utility  Photovoltaics,  193 
Tennessee  Valley  Authority,  158 
TEVan,  129 

Thermal  mass,  70,74,75 
Thermochemical  processes,  112 
Title  24  Building  Standards,  94 
Tracking  collectors,  165 
Trade  balance,  49 
Transaction  costs,  227 

Transmission  and  distribution  systems,  8,  181, 
185-186 

Transportation  systems 

advanced  ICEV  designs,  124-126 

advances  in  tiansport  fuels,  103-104 

alternative  fuels  in  ICEVs,  126-128 

battery-powered  electric  vehicles,  128-132 

electricity  use,  121-  )22 

ethanol  use,  115-118 

fuel  cell  vehicles,  132-137 

hybrid  vehicles,  137-139 

hydrogen  use,  119-121 

key  issues  and  findings,  5 

methanol  use,  111-115 

nonrenewable  competitors  123-124 

policy  issues,  139-144 

potential  roles  of  renewable  energy  technology, 
104-108 

retail  fuel  prices,  113 
technology  pathways,  108-111 
Traverse  City  Light  &  Power,  226 
Tree  planting,  82-83 
Trinity  University,  89 
Turbines,  6,  146,  148,234 
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Ultra-low  emission  vehicles,  125,  141 
Ultracapacitor,  134 
Ultralite,  125 

United  Kingdom,  energy  technology  programs, 
253-255 

United  Nations  Framework  Convention  on  Climate 
Change,  35 

University  of  Wisconsin,  88 
Unocal,  155 

Urban  air  pollution,  105,  114 
Urban  buses,  140 

U.S.  Advanced  Battery  Consortium,  131-132 
U.S.  Energy  Reseai'ch  and  Development  Agency,  88 
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USH,0.  See  Utility  Solar  Water  Program 
Utility  demand-side  management  programs,  80,  81, 
91 

Utility  finance,  204-208 
Utility  Integration  Program,  179 
Utility  operations,  150 
Utility  Photovoltaic  Group,  188,  193,  196 
Utility  powerplants,  209 
Utility-Scale  Joint-Venture  program,  171 
Utility  Solar  Water  Program,  80 
Utility  systems,  183-186 
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Value-added  tax,  245 

Value  Engineered  Turbine  Piogram,  1,9 

VAT.  See  Value-added  tax 

Vehicle  efficiencies,  138 

Vehicles.  See  Transportation  systems 

Ventilation,  74,  75 

Vertical  axis  wind  turbine,  176 

Veteran  Home  Loan  Program  Amendments,  93 
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Water  heaters,  79-81 
Water  quality,  52 
Wildlife,  51-52 
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British  programs,  253-255 
cost  reductions  for,  9 
Danish  program,  243-245 
development  in  California,  213-214 
French  program,  246-247 
German  program,  248-249 
intermittency,  8 

international  competition,  233-239 
Italian  program,  250 
key  issues  and  findings,  6 
manufacturers  of  grid-connected  turbines,  246 
Netherlands  program,  250-252 
RD&D  needs,  179-180 
resources  and  technologies,  175-177 
Fite  specificity,  6-7 
wind  capacity,  174 
wind  farms,  174,  175 
Window  technologies,  74,76 
Wisconsin  Public  Service  Commission,  226 
Wood  heat,  73 

Woody  biomass.  See  Lignocellulose 
Woody  crops,  33-34 
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0/85  program,  56 

Zero  emission  vehicles,  105,  141 
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